W s SRR AT v e, o




= W3-

=

1 . 1 ) fi4:-0

e s

e
==

e ==



T st

—_——

JIPST V,

— Bt

—— -

L

t

AD-A193 177

AFOSR-TR- ¥8-0279

ION-EXCHANGED WAVEGUIDES FOR SIGNAL PROCESSING
APPLICATIONS—A NOVEL ELECTOLYTIC PROCESS

FINAL REPORT

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
BOLLING AIR FORCE BASE, DC 20332

CONTRACT NO. 84-0369
PERIOD COVERED: Oct. 1984-Nov. 1987 y
Submitted by:

R.V. Ramaswamy
Department of Electrical Engineering
University of Florida
Gainesgville, FL 32611

March, 1988

College of Engineering

University of Florida

Gainesville, Florida

DISTRIBUTION STATEMENT A

Approved for public releasey
Distribution Unlimited

>




Nyt

ION-EXCHANGED WAVEGUIDES FOR SIGNAL PROCESSING
APPLICATIONS—A NOVEL ELECTOLYTIC PROCESS

FINAL REPORT

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
BOLLING AIR FORCE BASE, DC 20332

CONTRACT NO. 84-0369
PERIOD COVERED: Oct. 1984-Nov. 1987
Submitted by:

R.V. Ramaswamy
Department of Electrical Engineering
University of Florida
Gainesville, FL 32611

March, 1988

p o)
€ ¢

Appro

d

o’

sed #gvrpubtlle rolease}

aist -t

io- unlimiteds




}iCumrv CLASSIICATION UF THI3 PAGE.

REPORT DOQCUMENTATION PAGE

1a. REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
Unclassified
22, SECURITY CLASSIFICATION AUTHORITY 1 DISTRIBUTION/ AVAILABILITY OF REPQORT
2b. DECLASSIFICATION / DOWNGAADING SCHEDULE Approved for public release:
Distribution unlimited
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
—AEQSR. TR, 8 = U2 v
63. NAME OF PERFORMING ORGANIZATION 65 OFFICE SYMBOL | 7a. F MONITORING ORGANIZATION
(1f apphicable) Air Force Office of Scientific Research
University of Florida AFQOSR/NC
6 ADDRESS (Gity, State, and ZiP Code) Tb. ADDRESS (City, State, and 2IP Code)
Department of Electrical Engineering
. . Bolling Air Force Base, DC 20332
Gainesville, FL 32611 & i
8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION MUBASER
ORGANIZATION (If applicable)
AFOSR NC AFOSR~ 84-0369
f 8¢ ADORESS (City, State, and 2I? Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
Bldg. 4*0 ELEMENT NO. [ NO. NO. ACCESSION NO.
Bolling AFB, DC 20332-6448 61102F 2303 A3
4

11. TITLE (Include Securrty Classihication)
j ION-EXCHANGED WAVEGUIDES FOR SIGNAL PROCESSING APPLICATIONS--A NOVEL ELECTOLYTIC
PROCESS

12. PERSONAL AUTHOR(S)
R. V. Rawmaswamy

Final FROM

13a. TYPE QOF REPORT 13b. Tim v
i&?l%? o 11/30/87 14. DA%ES%ESE?PORT (Year. Month, Day) |S. PA}GfO(DUNT

! 16. SUPPLEMENTARY NOTATION ,
/

17. COSATI CODES 18. SUBJ&‘YI’ TERMS (Continue on reverse f necesziry and denufy by biock mumber)
FIELD GROUP SUB-GROUP attenuation, bistability, borosilicate, concentration cell,

concentration profile, diffusion, electrclytic release,
] 3 electromigration, fiber optics, galvanic cell, glasses,h

19 ABSTRA@ (Conunue on reverse if necessary and identify by biock number) 7\
Ion exchange process and technology for fabrication of optical waveguides has been
1& studied systematically to improve the reproducibility and establish the correlation be-
tween the process parameters and the component characteristics. Two-step process has
been studied extensively and used for fabrication of low-loss fiber-compatible single-
mode buried channel waveguides using the Nat;— Agt cation pair. Nonlinear waveguides
have been studied theoretically and some of the predictions have been verified
5 experimentally in Kt_— Naf ion-exchanged waveguides in semiconductor-doped glasses.

7, o
vl
?OK(])ISYRlBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIEOAUNLIMITED (] Same AS RPT O oric useRrs Unclassified
128 NAME OF aesponmag INDIVINUAL 12b TELEPHONE (Include Area Code) | 22¢ OFFICE SYMBOL
Donald T. uiricn 202-767-4963 NC
OO FORM 1473, ga mar 83 APR edition may be uséd until exnsusted

SECURITY CLASSIFICATION OF THIS PAGE

All other editions are obsolete.

i




. e s

——

SECURITY CL7ARIPICATION OF THIS raag
-

18. Subjezt Term. (Continued)
guided waves, iascrtion loss, integrated optics, interconnects, ion-exchange, mode
cutoffs, mode mismatch, near field profile, nonlinear guided waves, nonlinear index,
nonlinear optice, optical characcerization, optical communications, optical signal
processing, optical switching, passive components, power limiting, prism coupling,
semiconductor glasses, soda-lime silicate, thermal nonlinearity

. SECURITY CLASSIFICATION OF THis PaceE
11




TABLE OF CONTENTS

Abstract......... S e atees st ea e e .
SECTION:
I. Introductiom................... e N
II. Summary of Results...........civiiiiiiiinnennnnnnnns
ITII. References............co.uu . et
IV. Patents Flled............ Craerae e eee e
APPENDIX (Copies of Publications)......... e .

iii

| Accession For

r NTIS GRA&I 4

| nrrc 12 0
! Unannsunced 3
i Justilieation _
!
! Siatritution/

dvmatlerility Coces

Dfst | GSpecial

AV
L

i
l
!

M

e —
¥ e

;AVG:L.QU‘/Oi T




FINAL REPORT OF AFOSR CONTRACT NO. 84-0369
“ION-EXCHANGED WAVEGUIDES FOR SIGNAL PROCESSING APPLICATIONS—A NOVEL

ELECTOLYTIC PROCESS”

I. Introduction
A. Overview of Program

The primary objective of the project is to investigate theoretically as
well as experimentally the ion-exchange process and technology for fabrication
of passive wavegulde components in commercial glasses. The application areas
of such components include optical communications, sensors, integrated optics
and optical signal processing. The study was inftiated in an Air Force
contract (No. F08635-83-K-0263) 1in 1983 and has been funded almost exclusively
by the AFOSR since 1984. At the beginning of the study, the effort in glass-
waveguide-based I-0 components was sporadic inspite of the fact that the first
glass waveguide using an lon-exchange process was reported in 1972 and since
then several laboratorles around the world have been involved in
investigations. It was not evident whether the techmnology had the potential
to permit fabrication of devices with reproducible characteristics. In fact,
so few single-mode waveguides had been fabricated and characterized that any
significant evaluation of their performance in integrated optical systems was
not feasible. The progress was hindered by the fact that several different
cations were used in various glass substrates and melt compositions without
any systematic approach to the problem.

In this report, we summarize the results of a systematic study of the
ion-exchange process, the optical characterization of the waveguides
fabricated using this process and the guided wave nonlinear optical work
carried out under the program. All of the publications presented have

resulted from this contract. Copies of the publications are attached with




this report and the readers are referred to these papers for further details.
Also listed are the patents generated under this program.
B. Ag+-—Na+ Cation Pair

Cognizant of the above considerations, we soon recognized the importance
of choosing a cation pair, a specific glass system and a suitable melt
composition to fabricate single-mode waveguides. Since passive components
require extremely high reproducibility, this factor was given utmost attention
in our approach. A careful evaluation of the status of the technology by us
revealed that of all the monovalent cations which were being studied, Ag+ was
the most versatile due to the following reasons:

(1) The refractive index change caused by incorporation of silver ions in
glass can be varied over a wide range (0 - 0.1). This flexibility is
important in fabricating fiber~compatible waveguides [1].

(2) 3ilver films can be easily fabricated and diffused in a clean atmosphere
at relatively low temperatures to fabricate waveguides which can be
buried in a single-step process, thus minimizing the process time [2].

(3) Silver can be electrolytically released in melt at a controlled rate
[3-6]. Furthermore, an on-line measurement of silver concentration can
be performed to monitor any fluctuations [7]. A feedback system can thus
be implemented for electronic control of the processing conditions which
would provide the desired reproducibility,

(4) Silver is a heavy atom and its concentration in glass can be analyzed
using conventional SEM and microprobe techniques even at low
concentrations. This permits a direct measurement of a diffusion (index)
profile with high accuracy [8-10].

In spite of the above distinct advantages, there were reports of silver

being responsible for large scattering and absorption losses. However, it was




soon recognized that these losses were characteristic of only those waveguides
where a relatively large fraction of sodium fons in the substrate glass had
been exchanged for silver. 1In such cases, silver was not only reduced to
metallic form, aggregates were formed that scatterd light abundantly.
Fortunately, for single-mode fiber-compatible waveguides, less than 10% ol
sodium ions are replaced by silver and such detrimental effects have not been
noted [3].

C. Nonlinear Waveguides

Optical nonlinearity, caused by the intensity dependent refractive index
of the guiding or the surrounding medium, has generated a great deal of
interest due to its potential for applications in all optical signal
processing systems. The gulded wave approach 1i{s attractive for nonlinear
optical applications because of several reasons: interactlon geometry
involved allows larger power densities propagating over relatively large
distances thereby causing a significant reduction in the threshold power
requirements as compared to the nonguided configuratlons such as Fabry-Perot
interferometers. Secondly, the waveguldes are compatible with optical fibers
and integrated optical systems. We have studied theoretically and
experimentally the propagation characteristics of these waveguides.

II. Summary of Results

The systematic study of lon-exchanged waveguides performed 1in this
project under AFOSR contract (No. 84-0369), involved several steps:
(1) Ion-exchange equilibrium at the NaN0O3+AgNO3 melt-glass interface was
studled as a function of melt composition and stirring conditions. The
results provided a relationship between silver concentration in the melt

and at the glass surface [11-14].




(2)

(3)

(4)

(5)

v

An electrolytic release technique was developed to control silver
concentration in the melt [3-6]. An insitu measurement method was
developed to monitor the silver coacentration on-line, thus paving the
way for automation of the process with better control and reproducibility
[71.

The process of fabrication from melts was automated. This implied
setting up the predetermined values for diffusion time, the magnitude of
the electric field, the stirring conditions, monitoring the current and
temperature with feedback mechanisms for automatic control of these
parameters. A unique ceramic sample holder was designed to allow
application of an external field with a cathode, which is a molten salt
mixture. This technique eliminates the use of gold films as cathodes
which in turn eliminates the deteriloration of the films [10].
Consequently, this technique is time and cost efficient. Similarly, a
unique pump design prevents bubble formation at the melt-glass interface,
assuring the uniformity of the waveguides.

Besides the use of molten baths, waveguides were also fabricated from
evaporated silver films by electric field induced migration {2]. The
technique allows significant flexibility and simplicity. Tapered
waveguide sections can be fabricated. Steps are currently underway to
fabricate buried single-mode channel waveguides using only one step.

A conplete characterization of the diffusion profile was performed by
using conventional analytical tools such as electron-microprobe and
atomic absorption spectroscopy [15]. A new method was developed in which
back scattered electrons were analyzed in a scanning electron microscope

[8]. These tools are now routinely used for characterization of the

wavegulides.
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(5)

(7

(8)

(9)

The diffusion process was modelled [16-18]} by solving the diffusion
equation and correlating the results with the experimental data in both
the planar and channel surface waveguides [10, 16-19]. The calculation
is based on a finite-difference method. Processes such as side diffusion
and concentration dependence of the Interdiffusion coefficlent are taken
into account [18].

Once the diffusion profile was measured, the wave equatlion was solved to
predict the propagation properties of the waveguide. Both, the planar
and channel waveguldes can thus be analyzed theoretically [16-21]. The
numerical technique involves a solution using a finite difference method.
Optical characterization techniques were developed. These include
measurements of attenuation {3], mode indices [3], near fleld
distribution [15], and cutoff wavelengths {22] of the wavegulde modes.
All the experiments were automated such that the measurements are
rendered more accurate and the data processing is faster.

The results of the systematic study have provided the guidelines for
fabrication of buried single-mode channel waveguldes with desired mode
field distribution. The two-step fon-exchange involves diffusion of
silver ifons in the glass matrix in the first-step [8, 10, 15-17, 23]. \No
application of electric field is necessary during this step [16, 17].
When a second-step lon-exchange 1s performed with an external field and
no silver in the melt, a symmetric buried profile is obtained. Using

this process, low-loss (< 0.2db/km) fiber-compatible waveguides have been

fabricated [18, 24].




(10)

(1n

We have studied theoretically the effect of a nonlinear cover medium on
the propagation of guided waves in a graded index planar waveguide

{25]. The results show that the threshold power requirements are reduced
as compared to the step-index cas2. The calculations predict transfer of
power from the film region to the cover medium, indicating occurance of
optical switching (25, 26].

We have fabricated planar as well as channel waveguides in semiconductor-
doped colored glass using the xt-Na* ion-exchange process. Nonlinear
prism coupling, power limiting, and mode field variations were observed
in planar guides with the threshold for power limiting as low as 20 mW
using a cw Ar" laser [27]. The effect was identified as thermal in
origin. In channel waveguides, the nonlinear saturation was also
observed [27]. Experiments are underway to isolate the thermal component

from the fast electronic contribution.
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REFERENCE [1al

Ion-Exchanged Glass Havequides: A Review

(Invited Paper)

R.V. Ramaswamy and R. Srivastava
Department of Electrical Engineering
University of Florida
Gainesville, F1 32611

Abstract

Passive glass waveguides made by ion-exchange technique are potential

candidates for integrated optics [I1-0] applications. In this paper, we review

the advances in the technology as applied to fabrication of useful single-mode
structures. Progress in process, fabrication, modeling and waveguide
performance using different monovalent cation systems and glass compositions

is described with emphasis on fiber-compatible single-mode structures prepared

from molten baths. It is shown how a systematic study allows a correlation

between the process parameters and the waveguide characteristics so desirable

in assuring reproducible characteristics of the devices.
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I. Introduction

Ion-exchange techaique, which has been used for more than a century to
produce tinted glass, has received increased attention in recent years as it
improves surface-mechanical properties of glass and, more importantly, creates
a waveguiding region in the glass. Today, glass waveguides are considered to
be prime candidates for optical signal processing applications in optical
communications, sensors and other related areas. The importance of the glass
waveguide components is borne out by their compatibility with optical fibers,
potentially low cost, low propagation losses and the ease of their integration
into the system. However, the index of the glass substrate cannot be changed
by application of an electric field. Therefore, fabrication of glass devices
with assured reproducibility within specified tolerances is a must.

Since 1972 when Izawa and Nakagome [1] reported the first ion-exchanged
waveguides by exchange of Tet ions in a silicate glass containing oxides of
sodium and potassium, significant progress has been made towards understanding
the ion-exchange process and the role of the processing conditions on the
propagation characteristics of the resulting waveguides. Various cation pairs
and several different glass compositions and cation sources have been studied
in the past dozen years with considerable attention given to fabrication of
useful devices. Published reports of these advances abound in almost all the
related journals at an increasing rate. Findakly [2] summarized most of the
developments which occured till 1983. Since then, there has been rapid growth
in the 1literature leading to a better understanding of the jon-exchange
process in general and to the process optimization for reproducible waveguide
performance in particular. The objective of this paper is to describe recent
developments which have permitted establishment of the necessary correlation

between the ion-exchange process parameters and the waveguide
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characteristics. Emphasis is placed on single-mode sStructures and effort is
made to point out similarities as well as dissimilarities observed or expected
in the exchange process for different cation pairs and glass compositions.
Because of the multidisciplinary nature of the field, it is not possible to
give an exhaustive bibliography. For example, ion-exchange process and ionic
diffusion in glasses have been discussed in many excellent reviews [3,4] and
we will confine our attention to only those topics in the area which are of
direct relevance to the waveguide work.

This paper is structured in the following format, In Section Il we
briefly describe the results of ion-exchanged waveguides for each cation pair.
Both of the methods, molten salt bath as well as film-diffusion, are
considered. The process parameters are identified and a procedure ocutlining
the various steps for a systematic correlation between theory and experiment
is presented. Section III describes how the ion-exchange equilibrium at the
glass-melt interface influences the boundary conditions for the cation
diffusion in the glass. Surface-index change depends on this equilibrium.
Section IV presents theoretical considerations to model the modification of
the glass refractive index as a result of the ion-exchange. Surface
deformation, stress and the birefringence resulting from the cation
substitution are also considered. In Section V, a general formulation of the
two-dimensional diffusion equation is given from which the refractive index
distribution is obtained in special cases of interest for planar as well as
channel waveguides. Both surface and buried guides obtained by electric field
induced migration are considered. Issues such as side diffusion under the
masks in the case of channel waveguides, space-charge effects and the double
alkali effect are also addressed in this section. The next section describes

some fabrication and characterization procedures with particular emphasis on
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single-mode waveguides, Finally, we present the recent developments and

state-of-the-art in waveguide and device fabrication and speculate into the

future of the field.

II. JIon-Exchange Process
11 A. Exchange from Molten Bath

Since Izawa and Nakagome [1] reported the first ion-exchanged waveguide
made by T2t - Na?t exchange from a mixture of molten nitrate salts, molten bath
has almost dinvariably been used as the source of exchanging idons for
fabrication of glass wavegquides. Several cation pairs have been studied. In
most cases [1,5-9] sodium ions in the substrate glass are exchanged for one of
the alkali cations, namely Cs*, Rb*, Li*, k¥, Ag* or Te*. Recently c.* - «*
exchange [9] has also been reported for waveguide fabrication. Table I lists
the first published reports for each cation pair along with the ion-exchange
conditions, the salt bath, the substrate glass and the accompanying surface-
index change {An). The electronic polarizability and ionic radii of each ion
are also listed.

0f the various monovalent ions, each one has 1its advantages and
drawbacks. For example, Te* is known to be toxic but gives rise to relatively
large index change (an ~ 0.1) and is therefore more suitable for multimode
waveguides. The losses are also reasonably low (~ 0.1 dB/cm). Ag+ is
susceptible to being reduced to metallic form and thereby may introduce tosses
if incorporated in the glass in large concentrations [10]. Surface index
changes as large as 0.13 have been reported [5]. In both the above cases
(T9.+ and Ag+), dilute melts [1,11,12] can be used to reduce An and thereby
fabricate single-mode waveguides, K" can be easily incorporated in glass

[5,13,14] but the accompanying index change is substantially
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smaller (An N 0.01) along with smaller diffusion rates. Thus large diffusion
times are required for suitable waveguiding to occur, limiting its use for
single-mode guides. The resulting waveguides are birefringent [13] although
they exhibit negligible depolarization [15] and small propagation Tosses. Lit
is very mobile in glasses and highly multimode guides with index profiles
compatible with optical fibers can be produced in few minutes [7]. The
maximum index change of the order of 0.015 is achievable, but so far no low-
loss guides have been demonstrated. Moreover, because of large mismatch in
_the ionic radii of the two ions [Table IJ, large stress is introduced in the
glass network causing surface damage. In the case of Cs+, an index change of
the order of 0.04 has been achieved [9] in a special potassium-rich BGG21
glass with very low losses (< ".2 dB/cm). However, one disadvantage of using
Cs* is that cesium salts react with most materials and diffusion must be
carried out in crucibles made of special materials such as platinum, thereby
adding to the cost.

For I-0 applications, it 1is desirable to fabricate waveguides with low
propagation loss and desired refractive index profile. Both depend upon the
substrate glass (The relatively slow progress in ion-exchange technology can
be attributed to this dependence. No standard glass compositions have been
targeted so far. The requirements for an ideal substrate glass material have
been listed in [16].) The losses are dominated by absorption, primarily due
to presence of foreign impurities, and scattering contributions caused by
glass inhomogeneity and surface or geometric imperfections. By careful choice
of the host glass, waveguide 1losses below 0.1 dB/cm <can be obtained
[10,12,16]. Scattering losses, on the other hand, are generally introduced in
the processing steps. Dopants introduce additional Rayleigh scattering to the

background losses caused by the muiticomponent nature of the glass. Reduction
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of cations to metallic form, such as in the case of silver pointed out
earlier, can give rise to additional absorption and scattering losses.
Surface irreqularities invariably interact with the propagating field and
contribute to losses via scattering. This can be minimized by burying the
waveguide below the glass surface by carrying out a two-step ion-exchange
process (see Section V E). In channel waveguides, the imperfect wall
boundaries caused during the photolithography may introduce additional loss.
This loss contribution is less serious, however, since the diffusion process
smooths out such drregularities. Finally, in devices, the waveguides
invariably undergo bending, bifurcations or tapered transitions. These
transitions have to be designed carefully to limit the radiation losses.

The refractive index profile, on the other hand, depends on various
process parameters in an intricate manner. The composition of the host glass,
the nature of the incoming ion and 1its concentration in the source, the
temperature, the diffusion time, and the magnitude of the externally applied
field, all affect the index profile. Since the waveguide characteristics are
determined by the index profile, it is necessary to establish a correlation
between the process parameters and the index distribution before the process
can be tailored to produce waveguides of desired characteristics through a
Judicious choice and control of the process parameters. For a given substrate
glass, such a sysfematic study entails the following distinct steps:

(1) Study of ion-exchange equilibrium to determine the relationship
between the melt composition and the glass-surface-ion concentration.

(2) Analysis of the diffusion -equation with appropriate boundary
conditions to predict the concentration profile,

(3) Fabrication of the waveguide with a set of process parameters.
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(4) Measurement of the diffusion profile and correlation with the
theoretical analysis. It 1is generally assumed that the diffusion
(concentration) profile is a replica of the index profile. This
assumption has been experimentally verified and is valid as long as
the concentration of the dopant in the giass is small [17,18,19].

(5) Calculations of the waveguide propagation characteristics by solving
the Helmholtz equation for the given index profile.

(6) Optical characterization of the waveguide and correlation between the
measured characteristics and the process parameters, This involves
measurement of mode indices (where applicable), mode cutoff

wavelengths [20], mode field profiles and attenuation.

II B. Film-Diffused lon-Exchange

An alternative method for fabricating glass waveguides utilizes diffusion
of ions from a solid metallic film, first presented by Chartier et al [21].
In this method, a thin film is deposited on a glass substrate and diffusion is
carried out at an elevated temperature with the aid of an electric field
applied across the sample. Since no other alkali metal films can be deposited
and maintained in a stable form, this technique is used only for silver ion
exchange,

Since the first report of film-diffused process [21] where single - mode
as well multimode guides were fabricated and the diffusion coefficient and the
activation energy measured, several workers [22-25] have utilized the process
using somewhat different geometries and electrode structures. After the
initial conflicting results and discrepancies [25] it appears that the process

is better understood today and can be summarized as follows.
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Initially, a several thousand angstrom thick silver film is deposited.
To prevent oxidation and flaking of the film during diffusion, it is necessary
to deposit a cover layer such as a gold [25] or an aluminum film [21]. This
structure serves as the anode. The cathode can be either a metallic flim or a
molten salt bath. The latter has the advantage that it does not deteriorate
due to accumulation of sodium metal which diffuse out of the glass as a result
of the ionic current under the applied field. The current is monitored during
the entire process and the voltage is switched off well before the depletion
of the silver film. Otherwise, depletion of cations from the waveguide
surface results in surface defects (bubbles). Moreover, for reproducible
waveguides, it is desirable to apply the voltage only when thermal equilibrium
has been reached. In this regime, a constant current flow can be maintained
during diffusion as the mobility of silver is not very different from that of
sodium in the glass and the material resistance does not change significantly
[25]. It must be emphasized that in the absence of an applied voltage, ion-
exchange 1is negligible [24,25] since the silver atoms cannot be ionized in
sufficient number and those which may be ionized due to thermal energy
distribution, cannot enter the glass as the presence of an electrochemical
potential between the silver film and the glass substrate blocks their
movement. This potential barrier is overcome when a voltage is applied.
Fields as low as 1V/mm can give rise to waveguides showing that the potential
barrier is not very large [25].

Figure 1 shows the variation of diffusion debth W and surface index
change An as a function of the applied voltage V [25]. The diffusion depth
varies linearly with the applied field as is expected when the diffusion term
is negligible (Section V C). If the ionic current is integrated over the

total diffusion time needed to deplete the silver film, it is found to be
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proportional to the thickness of the film. This suggests that by controlling
the diffusion time, temperature, and the current flow precisely, the index
profile and the waveguide characteristics can be controlled.

The index change varies very strongly with the applied field and the
reason for this appears to be in the energy distribution of the cations.
Higher the voltage, larger the number of cations capable of overcoming the
energy barrier at the interface. The saturation of An at higher fields is a
result of limited sodium sites available for ionic exchange,

The silver-film techniques has some distinct advantages over the molten
bath technique:

(1) The process is relatively clean as pure silver film is deposited on a

clean substrate and diffusion is carried out in a closed atmosphere,

(2) Relatively low temperatures are involved which facilitates design of
sample holder and other components.

(3) Index change is field dependent, This may allow fabrication of
tapered transitions by varying the electric field along the waveguide
length,

(4) Buried waveguide may be obtainable in a single-step process. Bubble
formation due to silver depletion can be prevented by surrounding the
silver film by a pure NaNQO4 melt, for example,.

In conclusion, substantial progress has been made in understanding the
relationship between the diffusion depth, surface-index change and applied
field. However, index profiling has not been modeled well and no satisfactory
correlation with the experimental data is available. Most of the work has
been done in multimode guides and much remains to be studied for making the

process viable for practical applications.
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ITI. lon-Exchange Equilibrium at the Melt-Substrate Interface

Hhen the glass containing a monovalent cation B is introduced into a
molten salt solution contairing the diffusing monovalent cation A, ion A is
driven into the glass by an interphase chemical potential gradient and, in
order to maintain charge neutrality, ion B is released into the melt. This
ion exchange process can be represented by an overall chemical reaction as

follows [26]:

A+B = R+B, (1)

where the bar denotes the cations in the glass phase.

The rate of ion exchange may be limited by the following processes:

(1) Mass transfer of reactants to and removal of products from the
reaction interface in the melt,

(2) Kinetics of the reaction at the interface.

(3) Transport of cations in the glass phase.

Transfer of cations in the melt takes place via diffusion and
convection. Convection can be enhanced by stirring the melt. However, even
in the forced convection case, a region may exist near the glass-melt
interface where no convective mixing occurs because of fluid friction at the
interface. Across this stagnant boundary, a1l the mass transfer of the
cations (in the melt) to and from the reaction interface occurs through
diffusion. If the liquid-phase diffusion can supply ample reactants and
remove enough products to and from the interface, the process is not melt mass
transfer limited i.e., source depletion doec not occur at the interface. For
diffusion to be a limiting process in the melt, the important parameters is

1/2
(NA/NA) (DA/DA) where N, denotes the molar concentration of cation A and

21




Dp its self diffusion coefficient. It has been shown that if this parameter
2 10, the rate is not mass transfer limited due to diffusinn in the melt
[27]. Although in the early reports [5] of ion-exchange waveguides using pure
AgNO3 melts such a depletion was believed to occur, more recent results [28]
indicate that in the case of Ag* - Nat exchange from dilute melts, the melt
mass transfer is not a limiting process.

At the interface, the surface kinetics are not likely to be a rate-
limiting factor and are thus assured to be much faster than the transport
processes in the melt and glass phases.

In the glass phase, mass transport is carried out entirely by diffusion
of the cations which is a relatively slow process. The equilibrium state of
(1) specifies the surface boundary condition for the diffusion process and the
accompanying surface index change. Thus the control of the cation diffusion
profile in glass is subject to manipulation of this boundary condition and the
cation transport (diffusion) properties in the glass. The equilibrium state

is governed by an equilibrium constant K defined as
% %

a

K

a

B A

where a's represent thermodynamic activities of the cations in the respective
phases. Using the Regular Solution Theory [29] for the ratio of the activity
coefficients in the melt and the n-type behavior [30] in the glass phase, the
relationship between tne melt concentration (NA) and the surface concentration
in the glass (NA) can be written [26] as follows:

Na A Ny

) + o5 (1= 2N,) = nan (
N R A -

Y - 2nK

—_—~
ra
~——

where n is given by
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n=232ana, /3 an CA

A is the interaction energy of the two cations in the melt, R is the gas

constant, T is the temperature in Kelvin, and CA is the absolute
concentration of cation A in the glass.

The linear relationship between n {NA/(I - NA)} and
the 2n (NA/I - NA) given by (2) yields a straight line from which the values
of n and K can be derived. When n is unity the glass is said to have ideal
behavior. A large value of K on the other hand would indicate a large uptake
of the cation A by the glass for the given melt composition,

Studies of ion-exchange equilibrium in glasses include the early work of
Schulze [31] and 1later, the pioneering work of Garfinkel [26] involving
various cation pairs and glass compositions. Houde-Walter and Moore [32] have
listed the values of n and K for Ag+ - Nat exchange from several melt
compositions., Of all the cases studied in [26], only k* - Nat binary system
gives a linear relation between Nk and Nk' In the case of Ag+ - Nat in soda
lime silicate glasses, recent studies [11,19,28] carried out up to very low
melt concentrations (NAg ~ 10'4) indicate that K 1is very large (75-120
range), Figure 2 shows the relationship between NAg and NAg as obtained in
[19]. Similar nonlinearity has recently been reported for the Cs* - k' system
[33]. This highly nonlinear behaviour suggests that for single-mode fiber
compatible glass waveguides fabricated by Ag+ - Nat ion-exchange, it is
necessary to keep melt concentrations very low (N,\g ~ 10‘4). Since in this
region the slope of NAg Vs NAg curve is very large, a rigid control of NAg is
a must for fabrication of single-mode guides of reproducible

characteristics. The other important characteristic of the curve in Fig. 1 is
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observation of the plateau when nearly half the Na* sites in the glass are
occupied by Ag+. In this region, fluctuations in the melt concentrations do
not influence the surface silver uptake to any significant degree. Ideally
one would like to wuse this region for waveguide fabrication if the
corresponding index change could be made compatible with the single mode
fibers {(an ~ 5 x 10'3). However, this would required special low sodium
content glass as the commercially available soda-lime or boro- and alumino-
silicate glasses contain 2 107 Na20 by weight which gives an ~ 0,05
.~ for NAg= 0.5 [34].

IV. Index Change by Ion Substitution
IV A. Polarizability and Volume Changes

In the binary ion-exchange process, both the cations which exchange with
each other are network modifiers. As a result, the basic structure of the
glass 1is Tleft unchanged and only the refractive index of the glass is
modified. The net index variation depends on three major physical changes;
namely, ionic polarizability, molar volume (related to ionic size) and the
stress state created by the substitution, Besides these three factors,
secondary influence on the index is caused by the accompanying effect on the
electronic polarizability of the neighboring (oxygen) ions. In order to
estimate the refractive index of glass as a function of its composition, the
Gladstone-Dale equation and the Lorentz-Lorentz relation have been most widely
used [34,35,36]. Based on Gladstone-Dale relatior, Huggins and Sun [34]
provided a recipe for the calculation of the density, refractive index and
dispersion of a glass from its composition, expressed in terms of the weight
precent of its oxide constituents, The basic model predicts that the value of

the index change resulting from the ionic substitution is given by
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an = X (AR - R &) (3)

where y is the fraction of cations replaced by the incoming ion, V0 is the
volume per mole of oxygen atoms, R, is the refraction per mole of oxygen
atoms, and AR and AV are the changes in these quantities as a result of cation
exchange. In this simple model, the index change represented by (3) is caused
by two factors: the first term arises as a result of the difference in the
. ionic polarizability of the exchanging ions and the second term represents the

contribution due to the change in the molar volume of the glass caused by the

difference in ionic radii of the two ions [Table I]. The simplicity of (3) is

very instructive. Consider the case of Lit - Nat exchange in soda-lime glass
[71. The first term of is negative and ="e second term is also
negative. However, the . -an- Jntribution in this case comes from a local

contraction of the sample and consequent 1increase in the density which
increases the total polarizability per unit volume and the refractive index
increases, On the other hand, in the case of Ag+ - Na*t exchange the first
term of (3) contributes dominantly as the polarizability of silver ion is much
larger than that of sodium ion in the glass. The difference in the two ionic
radii is not very large. AV > 0 and the second term subtracts from the
first. Between the two extreme examples given above lies the intermediate
case of K* - na*t exchange, In this case the net index change as predicted by
(3) has been found to be two orders of magnitude smaller than the measured
values [37]. This discrepancy arises from the simplicity of the above model

in which the contribution caused by the large stresses induced Sy ion-exchange

is ignored.
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IV B. Stress-Induced Index Change

Ion-exchange process involves exchange of two cations of different ionic
radii at temperatures well below the stress relaxation temperature of the
glass [38]. As a result, the accompanying volume changes have to be
accommodated only in the direction normal to the substrate since the surface
is prevented from expanding (or contracting) laterally due to resistance to
bending of the glass substrate. This constriction gives rise to swelling of

the surface in the case of K' - Nat

exchange [39] and causes residual
_compressive stresses in the exchanged layer which are balanced by tensile
stresses in the substrate. The stress-optic effect contributes to the index
change by increasing the compressive layer index and decreasing the index of
the tensile region [38]. The stress profile generally follows the
concentration profiles. Moreover, since the residual stresses are
anisotropic, the index change depends on the state of polarization of the
optical electric field, i.e., the resulting waveguides are birefringent
[13,38].

Analysis of stress in planar and channel ion-exchanged waveguides has
been investigated and the resulting birefringence [38], surface damage
(cracks, elevations and dips) and swelling [38,39] have been observed as well
as explained [36,37,38,39]. Typical values of birefringence in k¥ - Nat
exchange, carried out in 350-400°C range are ~ 1 x 10~3 whereas in the case of
Ag+ - Nt exchange no birefringence has been detected when 1low melt
concentrations are used. Moreover, as pointed out earlier, the dominant
effect which contributes to index change in K% - Na' case arises from the

compressive stress [37].
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Another factor which causes stress in ion-exchanged waveguides s the
mismatch between the thermal expansion coefficients of the waveguide and the
substrate materials. However, this effect is very small [36,38] and can be
neglected in comparison to the compositional stresses unless the exchange is
carried out above the stress relaxation temperature as 1in the case of

Lit - Nat exchange in aluminosilicate glass [40].

V. Diffusion Kinetics and Index Profile
As was pointed out earlier, the index profile in ion-exchanged waveguides
is a replica of the diffusion (concentration) profile which can be calculated

by solving the diffusion equation with appropriate boundary conditions,

Y A. Diffusion Equation

In silicate glasses, only small monovalent cations diffuse readily
whereas the oxygen anions remain fixed in the silicon-oxygen network, The
diffusion is characterized by the self-diffusior coefficient D; . In the
binary ion-exchange process the cation A is transported via diffusion process
within the glass where it exchanges with the other alkali cation B which has

to diffuse out. The flux of each cation species is given by [41]

> 3gn a.

§, = - D, vC, — E: +i, 6T (4)
>
where 51 = molar flux of cation i (moles/m2-s)
ﬁi = electrochemical mobility (mz/v-s)
ti = concentration of cation i in glass (mo]es/m3)
and T = electric field (V/m).
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The tracer (self) diffusion coefficient bi depends on temperature and
glass composition, The temperature dependence of ﬁi below the glass

transition temperature can be fit to the Arrhenius equation [3]

Dy = D, exp (-Q,/RT) (5)
where Q is called the activation energy (J/mole). It is believed the Q is
made up of two contributions: the Coulombic energy required for separation of

_positive and negative charges, and the energy required to squeeze an ion
through a restricted opening in the network.

As regards the diffusion mechanism in glasses, various theories have been
proposed and to date no unified picture has emerged. In the simplest picture
leading to (5) it is assumed that the transport of the alkali ion takes place
via tunneling from one vacant site in the glass network to another adjacent
site if it acquires the necessary energy to surmount the energy barrier. If
the ionic transport (conduction) mechanism is also assumed to be the same

under an applied field, then Nernst-Einstein relation results:

N (6)

where k is Boltzmann constant, Ni is the total number of cations of the kind
under consideration o; is the ionic conductivity, and e is the electronic
charge.

In most glasses, however, the thermal cation migration process is
slightly different from the electric field induced transport and (6) is not

obeyed. The relation between the self diffusion coefficient and mobility is

instead written as
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0y = 3 Y5 i (7
Where fi is a correlation factor whose value depends on glass composition and
varies from 0.2 to 1. The factors leading to deviation from (6) in glasses
are summarized in [4] and references therein.

Another important characteristic of the self-diffusion coefficient which
is of interest in ion exchange is the mixed alkali or double alkali effect
- [42]. Mhen a second alkali is added to a glass, a significant reduction in
the self-diffusion coefficient of the original alkali ion occurs. While this
reduction occurs whether the second alkali ion is smaller or larger than the
original one, the magnitude of the change varies directly with the
concentration and the size mismatch of the second alkali. In fact, the self-
diffusion coefficient of an alkali ion is always considerably higher than that
of the impurity alkali idon and the diffusion curves of the two alkalis
intersect at a certain concentration ratio, suggesting the alternation of the
principal current carrying species. As a result, the electrical conductivity
passes through a minimum where the two diffusion curves intersect. Although
such a concentration dependence of the self-diffusion coefficients has been
measured in several glasses [42], the data for most glasses of practical
interest for ion-exchanged glass waveguide applications are almost
nonexistent. This is specially true for the Ag+ - Na* case as silver-rich
glasses have not been fabricated and studied. The mixed alkali effect has
considerable influence on the diffusion profile [8].

Returning to the flux equation (4), E includes any externally applied
field as well as the component arising from a local space-charge distribution

near the diffusion boundary which moves deeper into the substrate as time
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evolves. The space-charge region is caused by the lower mobility of the

incoming ion (EA < JB) and is governed by the following relation:

v (k) =0 (8)
where the local space-charge density p is given by

p=e(ly +T -C°) (9)

In the above equation CB° is the absolute concentration of the cation B in the
glass before the ion-exchange. For weakly guiding case, the change in the
dielectric constant due to ion substitution is very small and (8) can be

replaced by
vt =op/e (10)

In some cases of interest the space-charge effects can be neglected and the

condition of charge neutrality
_ =0
Gy + 0y = T (11)

is found to be very nearly valid during diffusion [43]. The diffusion
equation can be derived by combining (4), (11) and the continuity equations
for the two cations. It can be written in the following form [44]:

aCA

_ - . 1 n = 2=
i iy Eevly ! ) ] + Dyv” Cp (12)
- aCA 1 - uCA
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where a = (1 - A) and n was defined in Section III. In (12) it has been

u
assumed that the Ngrnst-Einstein relation is satisfied.

¥V B. Diffusion without external field

In this case it can be shown [43] that the two-dimensional diffusion

equation becomes

) e (A (4 (13)

at ax \ - 3 =
1-(xNA l-aNA

Further simplifications occur in the following cases:

(i) « =0, i.e.; the two cations are equally mobile. 1In this case

(14)

(i1) NA < 1, i.e., the concentration of the incoming ion 1is much
smaller than the host alkali ion in the glass. In this case also the
diffusion equation reduces to (14). This approximation is not valid
when diffusion is carried out from concentrated melts (e.g. k¥ - Nat
process from pure KNO3 melts), but is reasonably valid for dilute
silver melt concentrations in NaNO5 used for single-mode waveguide

fabrication (see Fig. 1).

(iii) In the case of planar waveguides (13) reduces to
ak N
A ) A
5T = Tox (0 % ) (15)
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by
D - nd,/(1 - afl, ) (16)

which can be written as

n DA DB

(=1
1

(17)

DA Ry + DB N
Note that the concentration dependence in D above comes explicitly from the
term NA in the denominator. It does not account for the concentration
dependence of individual self-diffusion coefficients mentioned earlier. For
the two cases (i) and (ii) pointed out above, D = nBA and the diffusion

equation takes the simplest form

- 2
aNA a NA
at nDA 2 (18)
aX

A complete solution of (18) requires knowledge of the initial and two boundary
conditions. For

NA(x,o) =0 forx>0

] for all t > 0,
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the solution is [27]:

NA(x,t) = Noerfc(x/wo) (19)

where wo =2 nﬁAt is called the effective depth of diffusion and corresponds
to that distance from  the waveguide surface (x = 0) where

(Np/N,) = erfc(1) = 0.157 . The 1/e width We = 0.64W,. Such index profiles
have been observed in dilute Ag* - Na* exchange [19,45], C*-Kk* exchange [9],
“and K* - Nat process in BK-7 glass [14].

In general, ion-exchange is carried out from concentrated melt solutions
and ion-exchange equilibrium results discussed in Section III show that near
the glass surface, NA + 1 . Moreover, in most cases of interest, a + 1 .
Crank [27] has given the solutions for various values of a. Step-like
profiles are obtained when a approaches unity (e.g. CS+ - Na* [8]) and
Gaussian-like diffusion profiles are obtained for intermediate values of a
(e.g. K* - Na* [46] or Ag* - Nat when NAg + 1 [41,83]). In all these cases,
numerical techniques [18,43,46] have been used to solve the nonlinear

differential equation (15).

V C. Ion-Exchange with External Field

The migration of incoming ion can be enhanced by applying an electric
field across the substrate. In thic case one has to solve the combined system
of equations (12) and (10). This has to be done numerically, In the planar
case, however, approximate analytical solutions are obtained for the following
specific cases:

(i) For the special boundary conditions
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) aNA
Ny = No’ il 0 for x =0
and
aNA
NA = 0, ol 0 for x » =

the solution of (12) for one-dimensional case is [47]:

Rp(x) = B (1 + exp [vR—2— (x - vt )yl (20)
nDA

with a concentration-dependent diffusion front velocity

v = vo(l -a)/(1 - uno) (21)

where Vo © iO/eC % depends on the jonic current density i, caused by the

0
applied field.

(ii) For low concentrations (NA << 1) , {12) in planar case reduces to

. 2
aly 3 NA aNA
5t - "Da N S (22)
X

and NA(x,t)is calculated by a Laplace-transform technique [48].
NA =¥Q &){erfc(x' - r) + exp(drx')erfc(x' + r)} (23)

where x' = X/Wo = x/z/nﬁAt is the normalized effective depth of diffusion

without external field and r = uEt/w0 .
It has been shown that in practical cases, even for NA as small as
0.2 such as in the case of single-mode Agt - Nat waveguides [44,49], the space
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charge leads to steeper diffusion fronts when compared to the solution (23).
For large electric fields such that r > 2.5, it can be shown [49] that the
contribution of the second term in (23) can be neglected and diffusion does
not play significant role in the index profile. Index profile is step-like
with the diffusion depth given by v,t [47].

Abou-el-Leil and Cooper [47] have analyzed the problem of electric field
induced ion-exchange in detail and compared their results with the data from
the viewpoint of strengthening of glass. Not much consideration was given to
the conditions characteristic of waveguide formation. Recently uumerical
solutions of (22) have been obtained [18,50] and compared with the

+

experimental results in the case of Ag+ - Na’ waveguides [18]. Figure 3 shows

these results for surface waveguides [18].

V D. Two-dimensional Wavegquides

The case of channel waveguides is more complex due to the lack of
knowledge of boundary conditions when masks are present. In the absence of
external field, the two-dimensional equation (12) has been solved numerically
[43] but the accuracy of such calculations is limited by the simplitying
approximations involved in deriving (12) which is valid whenever the only
electric field present is that directly due to the imbalance of the Fickian
flux components (caused by ihe nonequality of the two caticnic mobilities).
The presence of the masks is expected to introduce an electric field generated
by the electrochemicat bias [51] between the meit and the mask. Presence of
such a bias results in side-diffusion of incoming ions under the masks giving
rise to wider index profiles than the mask or 7ing. [52]. A qualitative

comparision of the diff.sion modeling with the experimental mode field data in
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single-mode surface channel waveguides has recently been performed [53] and
the results show reasonable agreement in the case of Ag+-Na+ process.

When an external field is applied to accelerate the transport of cations
in the glass, the complexity increases. Assuming that the interdiffusion
coefficient and mobility are concentration independent {(a very severe
approximation in cases where a » 1 and double alkali effect is prominent), and
neglecting the diffusion term (r >> 1), Lilienhof et al [44] calculated index
profiles of highly multimode waveguides and observed a qualititative agreement
with the experimental results in Ag+ - Nat waveguides. A constant index
change with step-like distribution was observed, as predicted by the
simplified approximations. These simplifications, however, are not expected
to give accurate results in the single-mode case as the diffusion term and
space charge effects may play significant role in practical cases of
interest. For example, in the case of single-mode Ag+-Na+ waveguides, we have
observed that for reproducible characteristics, t » 30 min. At 330° C
(fabrication temperature), y ~ 5.0 umZ/V - min , D~ 0.05 umz/V and Epax ~ 30
V/mm., This gives r = 2 showing that diffusion effects must be considered to
give accurate profile. Moregver, when electric field is applied in the
presence of masks, severe side diffusion occurs due to depletion of sodium
ions under the masked region. To date, only one report of fabrication of
surface channel wavequides under these conditions has been published [54], but

no mention of a side diffusion was made,

V E. Buried Waveguides
In order to increase the symmetry of the index profile {ther2by improve
fiber-waveguide coupling) and reduce the scattering losses caused by the

proximity of the glass surface to the wavequiding region, a second-step ion-
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exchange 1is necessary in absence of cations A in the melt. The diffusion
equation is solved numerically in this case with the first-step index profile
as the initial condition [18]. In the case of planar guides, results show
[18,49] that the width of the diffused guides varies as the square root of the
second-step diffusion time ty and the depth xpeak to which the guide is buried
is proportional to the product of the applied field E2 and the time ts.
Moreover, 1t s desirable that no field be applied in the first-step,
otherwise scewed nonsymmetric index profiles are obtained [55]. Figure 4
- shows the comparison of the experimental results with those predicted
theoretically assuming concentration independent mobility, diffusion
coefficient and electric field. While these assumptions are reasonable in the
case of Ag+ - Nat process used in [18,49] where dilute melt concentration

4+

were used, the same does not hold for kKt - Na* or cst - k' processes where

NA + 1 and the space charge effects play an important role. While one-step
electric field induced ion-exchange has been performed in the above two
systems, [56,9], no buried waveguides have been investigated to date. It has
been pointed out that the k' ions in the glass do not diffuse out in the
second step [56].

Two-dimensional, buried channel waveguides have been fabricated by
several workers [44,51,53]. However, only one report of theoretical modeling
of Ag+ - Na* process in buried waveguides under electric field has been
published thus far and that too was related to multimode guides [44]. A
detailed modeling of the two-step process in single-mode channel waveguides
still remains a challenge. In the following we point out some of the issues
which have to be addressed in order to achieve the desired correlation between

the theoretical analysis and experimental data.
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V F. Side- Diffusion

As mentioned earlier, side diffusion of cations A under the mask
increases the guide width and influences the index profile. Several authors
have paid attention to this problem [44,51]. Chartier et al [51] claim its
origin in the electrochemical potential between the mask and the melt. They
showed a qualititative agreement with the experimental profiles with numerical
discrepancies in the case of their multimode waveguides fabricated without any
externally applied field. Lilienhof et al [44] contended this hypothesis,
however, as the side diffusion in their multimode waveguides fabricated under
an electric field did not show any dependence on the mask material. The
origin of side diffusion in the later case may be attributed to the depletion
of cations A under the mask when a voltage is applied across the substrate.
Such a depletion is likely to distort the field lines and transport the
cations towards the region under the masks. This argument 1is supported by
lack of side diffusion observed in multimode waveguides when guard rings were
deposited in the proximity of the mask openings [57] and in the case of buried
waveguides where no additional side diffusion is observed when electric field
is applied 1in the second step with no mask present [53]. Although a
quantitative measurement of the large side diffusion in single-mode guides
made by Ag® - Na* exchange has been reported [52], no theoretical analysis has
been performed to account for its magnitude. MNevertheless, two-dimensional
fiber-1ike index profiles can be produced by the two-step process by choosing

proper mask openings [53] as we will describe later in Section VII.
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V G. Space Charge Effect

Space charge is created by the unequal ionic mobilities ( GA/JB + 1 ).
Since the substrate glass is rich in cations B, ;A < GB when glass is immersed
in the melt. Cation B migrates faster than A, causing space-charge region.
However, as ion-exchange proceeds, the depth of the cation A rich reqion
increases and in this region ﬁA > ﬁB provided sufficient cations of species B
have been replaced by A. As a result of this interplay, the ionic
conductivity of the glass varies across the substrate, being the lowest in the
space-charge region. This variation is time-dependent and the ionic current
is not constant [25]. The extent to which space-charge effects modify the
index profile depends upon the range of variation of GA and JB in the two
extreme concentrations. In the case of Ag+ - Nat exchange, the effects are
not severe and the ionic current is time-independent during the process [53].
However, in the cases such as k¥ - nat it may be an important factor and

therefore must be considered in the analysis.

VI Fabrication and Characterization
VI A. Fabrication

The schematics of the ion-exchange technique from molten salts is shown
in Fig. 5. The melt is held in a crucible or beaker which is kept at a
constant temperature by enclosing it in a furnace. The melt consists of the
appropriate salt as the source for the diffusing ions. The desirable
characteristics which influence the choice of the salt for a given ion are its
melting point and the dissociation temperature. Nitrate salts have bHeen used
extensively as they have some of the lowest melting temperatures and exhibit
reasonable stability. The diffusion temperature is adjusted to control the

rate of diffusion. In some cases, melting temperatures can be lowered by
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using a mixture of two nitrate salts [58]. For example, pure KNO3 melts at
334°C and pure NaNO, at 307°C; however, a mixture of 10wt% KNO; and 90wt%
MaNO4 melts at 290°C. 1In the schematics of Fig., 5, silver ions are released
electrolytically [12] and their concentration measured during diffusion [59].
For planar waveguide fabrication, polished glass substrates are immersed
in the molten bath by using an aluminum sample holder. Strip waveguides are
prepared by first carrying out photolithography to create masked regions of
aluminum or some other material such as A1203, Si02, etc. In corder to apply
the electric field during the ion exchange process, two approaches have been
implemented. In one case, the negative electrode consists of a platinum wire
pressing against a gold film evaporated on a thin chromium film on the back
surface of the glass sample [49]. Chromium is helpful in making a good
contact with the gold film., An alternative to the gold film is to use a
molten salt mixture, This eliminates the step of evaporating gold and
therefore, is the less expensive method. The melt has to be kept bubble-free
to assure uniform field across the substrate. In either case, the anode
consists of a platinum wire immersed in the molten salt as shown in Fig. 5.
The resistivity of the melt depends on its composition and temperature and
there is a potential drop across the melt which may be of the order of 10% of

the total applied voltage for 1mm thick soda-lime glass substrates with 4-5

cm? area [49].

VI B. Characterization
The important characterization of passive wavequides includes measurement

of index (dopant) profile, propagation constants of the quided modes,

attenuation and mode field pattern.
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There are two different approaches for measurement of the refractive
index profile in a glass waveguide fabricated by ion-exchange process. One of
these involves measuring the dopant profile using analytical tools such as
electron or ion microprobe [5], analysis of back-scattered electrons in a
scanning electron microscope [55], or atomic absorption spectro-
photometry [28]. The other alternative is to carry out optical measurements
of parameters such as surface reflectivity or mode indices of the guided
modes. The latter data are then used to derive the index profile by using
inverse WKB approximation [60].

Concentration Profile

Electron microprobe has been used to measure the profile of the diffusing
ion [5]. In this technique, the high-energy electrons are collected and
analyzed for the concentration of the ion of interest. The results have to be
analyzed carefully as the presence of other ions e.g. ca*t, A1+++, Mg++ etc.
in the glass may give rise to spurious effects [5]. Electron microprobe is
universal in the sense that any ion can be analyzed. However, sensitivity
depends strongly on the ion and the data can be very noisy to draw useful or
definite conclusion, particularly if the concentration of the ion is extremely
Tow, such as the case of Ag* - Na' exchanged single mode waveguides [12].

Scanning electron microscope can be used for determination of the profile
in two ways. One either analyzes the x-rays (energy dispersive spectrometry,
EDS) characteristic of the ion in question [17] or, alternatively, analyze the
back-scattered electrons originating from the ion [55]. Both have been
successfully used to measure Ag® concentration in soda-lime glass
waveguides. The resolution is of the order of 1 um and since the scattering

efficiency is higher for ions of larger atomic numbers, only heavier ions such
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as Cs+, Rbt

and Ag+ may be amenable for this analysis. High mobility of ions
such as sodium under the beam precludes their measurement using this method.

Atomic  absorption spectrophotometry is an analytical tool for
concentration measurement of any element., Here a thin layer of the sample
surface is etched using HF and the solution 1is analyzed for the ionic
concentration. Subsequent etching is performed and the analysis repeatedly
carried out until the concentration profile is determined [28]. Depending on
the diffusion depth, and the spatial resolution desired, the number of steps
may be anywhere between 10 and 20. The technique is destructive but is
 capable of giving absolute concentrations without a great deal of effort,
Refractive-Index Profile

Although for low concentration of the diffusing 1ions generally
encountered in ion-exchange problems the concentration profile gives the
refractive index profile, there are cases where this is not true. In fact, it
has been shown recently that Huggin's relation [34] widely used for predicting
the index change upon substitution of the host ion by the diffusing ion, does
not hold in certain cases such as in ¥ - Na* case [37] or when Ag+ - nat
exchange occurs from pure AgNO, melt in high-content sodium glasses [32].
Thus, it is of great importance to know the index profile and surface index
change directly.

There are several techniques for measurement of the index profile in
waveguides. These include interferometry, reflectivity measurement and the
inverse WKB method which reiies on the mode indices data.

Irterferometry is by far the most accurate and direct tecnniqus 717,
However, the sample preparation is time consuming and laborious and *“ne

technique 1is destructive. The two-dimensional index profile can 1lso 2e

determined by measuring reflectivity from polished faces with the aid of an
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optical multi-channel detection system [44]. The surface of the sample fis
first beveled to a small angle (few degrees) and then illuminated at normal
incidence in an optical microscope. The two-dimensional reflectivity is
measured by a vidicon tube attached to the microscope. The index distribution
is calculated from Fresnel's formula, High spatial resolution can be easily
achieved because of the beveling. The system can be calibrated by measuring
the reflectivity of a known sample. It is necessary that the vidicon respcase
be linear for the intensity levels involved and sample surface be very
clean. The system should be capable of accounting for the stray light.
Requirement of absolute measurements of power Tlevels make this technique
subject to error. The resolution of index change measured is limited to 10'3,
making this method suitable only for multimode guides.

Although both the methods described above yield the index distribution in
two dimensions, they require absolute measurements of illumination. Another
method which yields the index profile of the waveguide relies on the
measurement of mode indices., This can be easily accomplished by the prism
coupler technique {61] with accuracies approaching 1 x 1074, From the mode-
index data, the index profile is derived using the inverse WKB method [60].
White this method gives reasonably good results in multimode guides in the
case of ERFC and exponential profiles, there are serious problems in
determining the refractive index near the glass surface [60] as well as at the
profile tails (where it approaches the substrate value and mode index values
are inaccurate). Thus, care should be taken in the case of Gaussian or step-
like transitions such as the case of electric-field induced ion-exchange or
the Cs* - Na® ion-exchange (where the double alkali effect gives a sharo,
step-like profile [8]). Moreover, the WKB approximation is known to be

erroneous near the mode cutoffs [62]. The method may thus give reliable
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results for diffusion depths but the value of surface-index change is always
subject to error. In case of surface waveguides {such that prism coupling can
be employed for measurement of mode indices) with the large number of guided
modes, WKB method has been wused extensively for characterization of
waveguides., In the Ag+ - Nt exchanged single-mode guides the index profile
is ERFC (NAg ~ 10'4). W, and an thus are determined by fitting the measured
mode indices to those calculated by solving the Helmholtz equation and
treating wo and an as adjustible parameters [45]. Alter:atively, an effective
interdiffusion coefficient D, can be defined via the diffusion
depth W, = /D TT46] . Table II lists values of B and activation energy Q for
various ions.
Attenuation and Mode Field Profile

The techniques for measurement of attenuation and mode field profile in
ion-exchanged waveguides are similar to those used in integrated optics with
Ti:LiNbO3 waveguides, For planar guides, attenuation can be measured by the
three-prism method [63]. This method measures total attenuation, i.e.,
contribution from scattering as well as absorption. Alternatively, scattering
contribution to attenuation can be measured independently by probing a fiber
tip along the waveguide and capturing the scattered signal. The variation of
this signal as a function of propagation distance along the wavegquide is
plotted to determine the scattering loss. If the attenuation is below 0.1
dB/cm, neither the three-prism nor the fiber probe method is adequate and one
resorts to resonant structures such as Fabry-Perot ring resonator [64,65]. 1In
this case light is coupled into a ring waveguide from a straight waveguide by
distributed directional coupling mechanism and the output from the ring is
extracted in a similar fashion. By measuring the transmission of the Frabry-

Parot as a function of temperature, both the finesse and the contrast can be
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determined and from these parameters the loss per unit pass can be extracted
[65]. Another method of estimating propagation losses in single-mode channel
waveguides is described in the following section.

Mode field profile measurement is of paramount importance in waveguide
characterization, Fiber-waveguide coupling, performance of the directional
coupler, curvature-induced losses, all depend on the mode field. Near field
method shown schematically in Fig. 6 is the most convenient and direct way to
measure the field pattern, In fact, beside the waveguide mode field, the
- method shown here allows determination of various other parameters with very
Tittle additional effort. These are: the fiber mode field, the fiber-
waveguide coupling loss and the propagation loss in the waveguide. The
measurement procedure is as follows [66]:

Light from either a He - Ne laser or a 1.3 um semiconductor laser is
coupled into a short piece of a single-mode fiber, The fiber is either
birefringent type so that it maintains the linear polarization or in the case
of conventional fiber, the fiber is kept as steady as possible to prevent
polarization fluctuations and linear output polarization is achieved by
adjusting the compensator at the input end. Linear polarization allows
excitation of either TE or TM like modes in the guide. The waveguide output
is collected by a high-quality planar objective by imaging the waveguide end
on a phodetector/amplifier with a pinhole mounted at the front end of the
detector, The two-dimensional nearfield intensity pattern is measured by
scanning the detector horizontally and vertically. The Fabry-Perot effect
caused by the Fresnel reflections at the fiber-waveguide gap can be eliminated
by adjusting the spacing for maximum transmission [66]. Fiber-near field can

also be measured using the same procedure after removing the waveguide. The
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magnification of the system is determined by imaging a known mask pattern at
the detector face and scanning the detector.

In order to determine the fiber-wavequide throughtput efficiency, the
output from the fiber is first measured. Then the wavequide is adjusted for
maximum transmission and the output once again measured. Accuracies of the

order of 0.01dB can be achieved using this procedure [66].

In order to derive the propagation losses from the measurement of
fiber-waveguide throughput loss and the fiber and waveguide mode profiles, the
following procedures can be used. The total throughtput loss is made of three
components: 1) Fresnel loss due to reflections of the optical field at the
wavequide input and output interfaces, 2) the propagation loss, and 3) mode
mismatch loss due to different field distributions of the single-mode fiber
and channel waveguide. Since the refractive indices of the fiber and glass
substrate are very nearly equal (1.46 and 1.51 respectively), the Fresnel loss
is small.  Nevertheless, it can be made negligible if the fiber-waveguide
spacing is adjusted for maximum transmission. The mode mismatch loss is

calculated by evaluating the normalized overlap integral [67].

(11 B elaay) € (x,y)dxdy] ;
n= - = Q-w = a— (24)
[ ] e Gy dxdy] [ f Ezg (x,y) dxdy]

where E¢ {x,y) and Eg {x,y) are the mode field profiles of the “iber .ind
waveguide respectively. The mode-mismatch loss is given by -19 10@10 ne 1°f

it is assumed that the two mode profiles are Gaussian along hoth the x and y

axes, then
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where W, and wy are the 1/e intensity full width and depth of the waveguide
mode and d is the 1/e intensity diameter of the fiber mode. Although the
Gaussian mode approximation may be reasonable for well-gquided modes in buried
channel waveguides where the field distribution tends to be symmetric, surface
waveguides with not-so-well guided modes deviate from the Gaussian case and a
numerical evaluation of integral (24) is necessary to determine the
mode-mismatch loss accurately.

Once the mode mismatch losses have been determined, the propagation loss
in the waveguide 1is obtained by subtracting is from the overall fiber-
waveguide throughoutput loss.

VII Results
VII A. Single-mode Waveguides

Most of the progress is the area of single-mode guides in the past few
years has occurred in three basic cation pair systems, namely Ag+ - nat, k-
Na* and Cst -kt exchange, In the following, we summarfze these results,

Ag+ - Nat Exchange

This is by far the most studied system., There are several advantages of
choosing this cation pair:

(i) Index change can be varied diluting the AgNO; nelt with HaNO5.
Dilute concentrations also help reduce reduction of Ag+ to metallic
silver [43]. No birefringence or depolarization is observed. Losses
are also kept low,

(ii) Diffusion temperatures are the lowest and diffusion times are also

reasonable as silver has high mobility.
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(iii) Precise control of NAg can be maintained using electrolylic release
method [12]. This allows reproducibility in propagation constant of
1 x 1074,

(iv) Buried wavequides are easy to fabricate by thermal diffusion as Ag*
near the glass surface duffuses out in the second step ion exchange.

(v) Film diffusion technique can be adopted for dry diffusion.

(vi) Low concentrations of silver in the glass allow modeling without the
complications involved in concentration dependence. Moreover, the
space-charge effects have minimum significance since JAg and JNa
are of the same order,

(vii) Concentration profile can be measured non destructively using the
SEM technique [55].

An extensive study of Ag* - Na* planar guides has been performed at the
University of Florida over the years with a view to fabricate single-mode
wavequides optimized for operation at 1.3 um. The results can be summarized
as follows:

(i) The surface-index change an is given by Fig. 2 and fiber-compatible
guides can be prepared with Nag ~ 104,

(ii) The 1index profile has been determined using several different
techniques. Figure 7 shows the planar wavegquide index profile as
measured by these methods.

(iii) Planar waveguides fabricated under the influence of applied field
show step-like profiles. Using ! = JAEt, the mobility JA >f silver
ions in glass is determined to be 5.0 pme/min ¥ oat 3300 C.

(iv) Channel surface waveguides prepared by thermal diffision asing A2

masks were compared to planar guides. Figure 8 shows the typical
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index profile [52]. The values c¢f An and diffusicn depth and width
depend on the mask width as shown in Figs, 9,10 eaend 11
respectively. For mask width wC > 5um, the values of An and the
width approach the respective planar values. Because of the side
diffusion the waveguide width for wC ~ 5 un  can be made fiber
compatible for 1.3 um operation provided the aspect ratio be kept
close to wunity, i.e. the waveguide dJdepth be increased witiout
affecting the width significantly., This was achieved when waveguides
were buried by applying electric field in the second step [53]. The
ratio of the additional depth to the side diffusion 1is given

by r = L E~t . The magnitude of the field was kept sufficiently

high andZJEﬁe exchange time small so that the thermal diffusion is
low. It is necessary to remove the metallic mask in the second step
so that Na® ions can enter the glass 1rocugh the prcriously masked
regions., Otherwise, their depletion would cause side diffusion of
silver,

A study of the effect of mask material on the side diffusion has been
performed [68] and preliminary results obtained indirectiy frum the mode field
measurements show that the mode width is somewhat reduced if A2203 mask is
used in the first step. Because of low concentratior. of silver involved in
these buried guides, SEM technique is inadequate for profile determination.

Figure 12 shows the intensity profiles of typical surface waveguides as
obtained by scanning the near field along the depth (vertical - v, normal to
the substrate plane) and width (horizontal - H, in the «ubstirate plane)
directions. Notice the asymmetry along the depth direction caused by the air
interface. The dotted curves show the fitted Gaussian using the maximization

criteria of the launching efficiency given by (24). The mode field asymmetry
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of the surface gquides causes fiber-waveguide mismatch loss and additional
scattering losses. When the guides are buried, the mode symmetry is improved
and circular fiber-like distribution is produced [%37. The mismatch 1nss of
0.2dB, obtained in the optimized case of mask widths HC in the 5-6 uym range is
relatively insensitive to the exact value of the mask width, This relative
insensitivity of the total 1loss to the exact channel width 1is very
encouraging. The propagation losses of 0.4dB/cm at 1.3 um in commercial
sodalime microscope slide have been achieved in these buried waveguides. The
measured mode intensity distribution 1is in qualitative agreement with the
solution of the Helmholtz equation [69]. However, a quantitative comparison
cannot be made lest the index profile be modeled more realistically. Efforts
are presently underway to obtain a correlation in channel wavequides to the
same level of satisfaction as is obtainable in planar guides [13].

While the attempts to optimize the single-mode guides for low losses and
fiber compatibility have given favorable results, the progress on the device
end using Ag+ - Na¥ exchange has been tardy. Part of this can be attributed
to the lack of enthusiam owing to the general belief that silver glasses are
lossy and prone to deterioration in their optical transmission. While this is
true if pure AgNO, melts are used, single-mode structures with low silver
contents are not likely to suffer from these drawbacks. The early efforts of
Walker and Wilkinson [64,70] in Ag+ - Nat devices using pure AghO; nelts
included fabrication of directional couplers and ring resonators which showed
high losses. Working on similar iines substantial progress has Seen reportoed
in ring structures by Mahapdatra and co-warkers [65,71,72] with losses of the
order of ~ 0.8 dB/cm at 0.63 um and a finesse of 55 for the ring. <Recently,

buried directional couplers for wavelength multiplexing at 0,85 um and 1.30 um
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in a borosilicate glass has been reported using dilute melts [56]. However,
the losses are still high (~ 1 dB/cm) and the waveguides support two
transverse modes at 0.85 um. In none of the above studies reproducibility
factor has been adquently discussed and at present it is not clear what the
limitations will be.

YNt Exchange

K

This system has by far been the most used for single-mode device
fabrications. This preference may be attributed to two principal factors:

(i) The index change with pure KNO4 melt 1is highly compatible with
single-mode fibers.

(ii) Unlike Ag+ - Na* process, no conentration control of the melt is
required.

Yip et al [13,46] have reported an extensive study of k¥ - Nat nlanar
guides in soda-Time glass. It includes determination of the index profile,
measurement of the interdiffusion coefficient and its temperature dependence,
an, and birefringence. Similar studies have been extended to BK - 7 [14],
Pyrex glass [14], and semiconductor-doped colored glasses [73]. Index profile
and stress-induced index change and birefringence have been calculated and
correlated with the experimental data [36,38,46,73].

Single-mode devices have been observed to preserve the polarization
[15,74] with cross coupling of 25 dB. Both, Y-type and directional coupler
type 1 x 3 star couplers have been fabricated [74,75], analyzed [74] and
characterized [74] with losses as low as 0.5 dBfcm at 0.63 um. Directiona)
couplers using one-step [56] as well as two-step [76] process have been
fabricated and characterized. The attenuation of 2.1 dB in the former case

(66 mm long waveguides) is caused by the surface scattering, However, the
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authors c¢laim that their attempts to bury the K" - Nat waveguides were
unsuccessful and they attribute this to a strong affinity of K* to the glass.
Symmetric and asymmetric couplers consisting of two circular guides or a
pair of a straight and a circular waveguide have been fabricated using
k* - Nat process in BK - 7 glass [77]. The coupling ratio varies
exponentially with the separation and the results are in good agreement with
the calculations performed using coupled mode theory [77] as well as Beam
Propagation Method [54]. In the latter work, an electric field was applied
across the substrate and identical mode fields at 0.63 um were obtained for
2 um and 4 pm wide windows. It is not obvious whether this was a result of
the two waveguides having same 1index profile [{caused by diff
diffusion in the two cases) or it was due to the weaker gquidance in the 2 um

channel,

ot Exchange

Cs

This cation pair system has recently been adopted by several workers in
West Germany [9,16,78]. They use a special glass BGG2l made by Schott
Glassworke. The composition of the glass [9,16] is such that it allows
optimization of the process parameters for  single-mode waveguide
fabrication. The waveguides are nearly stress-free [16], low-loss (<0.1
dB/cm) and reproducible [33] and can be buried using a two-step process
[78]. Diffusion is performed from a molten mixture of CsNO; and CsCe which
gives An = 0.04. Dilution with KNO5 gives smaller An and can be controlled to
the desired value [78]. Characterization of the ion-exchange process using
planar wavequides appears to be complete, paving the way to useful device

fabrication.




A -

VIIT Conclusion
Recent developments in the study of ion-exchange process have permitted a

better understanding of the role of the processing conditions and the
substrate glass in influencing the index profile of planar, surface and buried
single-mode waveguides. While such detailed correlations in the case of Ag+-
Na* exchange have allowed fabrication of low-loss, fiber compatible,
reproducible, buried channel waveguides whose characteristics are in
qualitative agreement with those predicted by solutions of the two-dimensional
diffusion equation with simplified approximations, difficulties remain in
obtaining quantitative agreement with the theory under realistic processing
conditions. Buried waveguide fabrication using k*-nat process still remains
to be demonstrated and optimized for losses and mode symmetry. The subject of
the tolerance of processing parameters required for a specified degree of
assured vreproducibility is an open question as is the concern with the
prevalence of myrads of non-standard glass compositions. Finally, the issues
of the possible degradation and other ultimate limitations of jon-exchanged
waveguide components have to be resolved. Nevertheless, significant
developments in fabrication of devices such as multiplexers, star couplers,
and ring resonators using Ag+-Na+ as well as kK -wa* process have stimulated
renewed interest in other cation pair systems for fabrication of single-mode
devices and in spite of the belated entry into the arena of integrated optics,
glass waveguides appear to be more viable candidates for applications as
passive I-0 components than ever before. .
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Table I. Easiest Resultg of lon-Exchanged Waveguides for Various Ions. The
host ion is Na'.

Ion Radius Po]ariz%?ility Glass Melt Temperature 9vn Reference
A° A° (°c)
1t 1.49 5.2 Boro- TINO, 530 0.001 1
silicate
+KN03 -O.l
+NaN03
K" 1.33 1.33 Soda-lime  KNO, 365 0.003 5
and
Agt 1.26 2.4 Alumino-  AgNO;  225- 0.13 5
silicate 270
Lit 0.65 0.03 Soda-lime  Li,S0, 520- 0.012 7
620
+K,50,
Rbt 1.49 1.98 Soda-lime  RbNO, 520 0.015 3
c.*  1.65 3.34 Soda-lime  C¢'0, 520 0.63 8
C.t 1.65 3.34 BGG21  C N0, 435 0.043  9*
+CSC1

*
cst-kt ion exchange. 3 For Nat ions, ionic radius is 0.95 A and its
polarizability is 0.43 A°~,
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Table II. Diffusion Coefficients of Various Cations in Glasses used for

Waveguides.
Cations Glass TEmpesature _1§ » 4Q Reference
(°C) (107*m/g) (1073 010)

n* Borosilicate 530 20 -- 1

* Soda-1ime 575 64 14.2 7
Agt Soda-1ime 374 0.7 9.1 11
Ag* Borosilicate 615 0.26 9.1 44
At Soda-1ime 215 0.010 -- 43
Agt BK-7 320 0.025 9.8 10
Ag* Soda-1ime 330 0.01- 8.9 49

0.03

k* Soda-1ime 385 0.11 12.5 13
k* BK-7 385 0.14 - 14
kt Pyrex 385 0.06 -- 14
cst BGG21 407 0.32 20 9
Na* Soda-1lime 371 12 16 41
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Fig.

Fig.

Fig.

Fiqg.

Fig.

Fig.

Fig.

Fig.

Figure Captions

Variation of aAn and W {(measured at 1/e point) of silver film
diffused gquides at 275°C with applied voltage (lmm thick
substrate). [25].

Variation of aAn and the glass surface-silver Loncentration NAg
with the melt concentration NAg- r9].

Refractive index profile of planar surface Ag* - Na‘ waveguides
using WKB method (0) with electric field and (x) without applied
field., Solid curves are the best fit to data using theorectical
calculations [18]. Curve 1 is ERFC and 2 is the fit to Eq (23).
Calculated variation of the index peak position Xpeak and the 1/e
index width  with the second-step parameters [18]. furves 1,2,
and 3 correspond to £y = 10, 40, and 70 V/imm respectively. The
data points (x) are from [49],

Schematics of Ag™ - Na* exchange using electrolytic release [12]
and on-line concentration control [59].

Experimental arrangement for measuring near-field profile and
waveguide losses [66].

A comparison of the index profile results using varicus techniques.
+AAS [287, x SEM [49], O Inv. WXB, * flectron microprobe, - fitted
ERFC to the measured mode indices using finite-difference
method, wo = 2/62— .

Silver concentration profile in channel waveguides measursd by
SEM.  Npg = 2 X 10-%, T = 330°C and t = 67 min. ‘task apening
width = 10 um., Insets represent the 1-D scans along the dotted

lines. [52].
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Fig.

Fig. 10.

Fig.

Fig.

11.

12.

Comparison of surface-index change of channel waveguides with
planar yuides as a functicu of mask width., [52].

Diffusion depth of surface channel wavequides as a function of mask
width, The horizontal lines represent planar guide widths under
identical diffusion conditions. [52].

Variation of aspect ratio (width/depth) and total side diffusion
(quide width-mask width) as a function of mask width for surface
channel waveguides. [52].

Typical mode intensity profiles of single-mode surface channel
waveguides at 1.3 um x horizontal, 0O vertical, The curves
represent the best Gaussioa fit using (24). [53]. n = 0.933 for

fiber with 1/e intensity width of 6.83 um, showing 0.30 dB coupling

loss.,
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Recent Advances In lon-Exchanged Optical
Waveguides and Components

R. V. Ramaswamy and R. Srivastava
Department of Electrical Engineering

University of Florida
Gainesville, FL 32611 USA

MPstract

There has been considerable interest in recent years in the technoloyy
for fabrication of glass waveguide components for integrated optics and sensor
applications. This paper reviews the recent developments in the ijon-exchange
technology of single-mode glass waveguides and components, Fabrication,
characterization and modelling of both surface and buried, planar as well as
channel waveguides involving a two-step ion-exchange process are described.
It is shown how a systematic study allows a correlation between the process
parameters: namely, composition and temperature of the molten salts, diffusion
time and applied field at each step, and the waveguide performance. We
present the results on low-loss single-mode waveguides with mode field
distribution compatible with single-mode fibers at 1.3 um with a view towards

optimization of passive devices at this wavelength,
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Waveguides and Components

R. V. Ramaswamy and R. Srivastava
Department of Electrical Engineering
University of Florida
Gainesviile, FL 32611 USA

Introduction

The ion-exchange technique has received increased attention 1n recent
years because it has been found to improve the surface-mechanical properties
of glass (1] and, more importantly, to introduce a gradient index in the
glass. The technique has been successfully used in the manufacture of low-
loss optical fibers, gradient-index optical components for imaging app-
lications, and, more recently, in the fabrication of planar and channel
waveguides in glass substrates. In fact, glass waveguides are considered to
be prime candidates for integrated optic (1-0) device applications such as
star couplers, access couplers, wavefront sensors, multiplexers, demulti-
plexers, and in sensors such as gyroscopes, The importance of the ylass
waveguide-based [-0 components is borne out by their compatibility with
optical fibers and potentially low cost. In addition, they nhave low pro-
pagation loss and can be fabricated and integrated into the system with
relative ease. However, wunlike its electro-optic and semiconducting
counterpart substrate materials (e.g., LiNbO3, GaAs, etc.), index of the glass
substrate cannot be tuned by application of an external electric field, and
therefore glass devices must he fabricated with assured reproducibility within
specified tolerances.

For 1-0 applications, one of the most important criteria in the selection
of the host glass and the species of the exchanging ions is the simultaneous

achievement of low propagation losses and the desired refractive index pro-
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diffusion process be studied in detail to understand the role of the process-
ing parameters., Only through a careful correlation of these parameters with
the waveguide performance, it would be possihle to estahlish guidelines for
fabrication of devices with the desired characteristics.

lon-Exchange Process

Since lzawa and Nakagome [37 reported the first ijon-exchanged waveguide
by T1*-Ma® exchange, optical wavequides in glass suhstrates have invariahly
been fabricated by the ijon-exchange process which creates a thin layer of
higher refractive Jindex beneath the surface of the substrates. This is
normally accomplished by the diffusion of monovalent atoms of higher oolar-
jzability, e.g., Cs*, rRy*, k%, Ag*, and T1* into the glass matrix where they
exchange with Na© or k¥ jons. Besides the polarizability of the cations, the
net index change also denends on the difference in the sizes of the two ex-
changing ions (formation of elastic stress in the glass) and the change in the
polarizability of the oxygen ijons, For example, when %% replaces Na+, the
exchange causes the glass %o swell and underqo stress-induced bhirefringence
T4, 0On the other hand, when Li* exchanges with Ma* in soda-1ime glass, the
glass index increases due to the collapse of the network near the smaller Li*
jon T51.

In practice, there are two approaches to waveauide formation by ijon
exchange, In the most popular and widely studied approach T?2-257, the glass
substrate is immersed in a molten salt bath at an elevated temperature. 1n an
alternative approach [26-317, a metallic film is deposited on the qlass
surface, and diffusion is carried out oy applying an external field to incorp-
orate the ions into the glass structure where they exchanae with the alkali
jon. This method has heen used only for the Ag*-Na+ process because, silver,

compared to other metals of the alkali group, does not suffer oxidation
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easily. In this paper, we will be concerned with ion exchange from molten
salt mixtures only with emphasis on single-mode waveguide structures.

0f the various monovalent ions exchanged in glass by diffusion, each one
has its advantages and drawbacks. For example, T1* is known to be somewhat
toxic but gives rise to a relatively large index change (~0.1) and is there-
fore more suitable for multimode waveguides [3,9]. The losses are also.
reasonably low (~0.1 dB/cm). Agt is susceptible to being reduced (becoming

metallic) and thereby may introduce losses if diffused in large concentrations

[2,15,32]. k* can be easily incorporated in soda lime [19], borosilicate r-

pyrex glasses [20], but the accompanying index change is substantially smaller
(~0.01) along with smaller diffusion rates. Thus iarge diffusion times (a few
hours) are required for suitable waveguiding to occur, limiting its use for
single-mode guides. On tne other hand, the diffusion coefficient of Li* is
much larger, and highly multimode guides with index profiles compatible with
optical fibers can be produced in a few minutes [5]. The maximum index change
of the order of 0.015 can be achieved easily, but so far no low-loss yuides
have been demonstrated. In tne case of Cs*, the index change of the order of
0.043 has been achieved [21], but sufficient data are not yet available
regarding loss, etc. One disadvantage in using Cs* is that it reacts with
most materials, and therefore diffusion has to be carried out in a platinum
crucible, thereby adding to the cost.

The K*-Na* and Ag*-Na® exchange processes have been used by several
workers for fabricating single-nde devices such as star couplers, directional
couplers, filters and ring resonators [33-42]. While single-mode optimization
studies in Ag*-Na® case nave been reported [45], no systematic study of tne
fabrication parameters in the case of K'-Nat exnhange has been reported so

far, with the result that the structures have not been optimized for loss and
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file. The propagation losses are dominated by absorption primarily due to the
presence of foreign impurities in the glass and the scattering contributions
caused by the glass inhomogeneity and surface or geometric imperfections. By
careful choice of the host glass, absorption losses as low as 0.07 dB/cm have
been obtained [2]. Scattering losses, on the other hand, are generally
introduced in the processing steps, Dopants introduce additional Rayleigh
scattering to the background losses caused by the multicomponent nature of the
glass. Reduction of the incoming ion in the glass matrix can give rise to
additional losses. Surface 1irregularities invariably interact with the
propagating field and contribute to losses by scattering. However, this can
be minimized by burying the waveguides under the ylass surface by carrying out
a two-step diffusion process. Finally, even in straight channel waveyuides
the imperfect boundaries present in the mask and reproduced during the
photolithographic process may introduce additional loss. This loss component
is less serious, however, since the diffusion process smooths out such
irregularities.

The refractive index profile, on the other hand, depends on various
parameters in an intricate manner, The composition of the host glass, the
nature of the incoming ion and its concentration in the source, the diffusion
temperature, the diffusion time, and the magnitude of the externally applied
field, all affect the index profile. While most of the research to date has
been concerned with the creation of multimode waveguide regions, for [-0
applications it is mandatory that single-mode structures be reliably fabri-
cated and characterized. Fabrication of devices such as multiplexers calls
for reproducibility in the propagation constant of the guided mode to an
accuracy of better than 10-4, In order to fabricate glass waveyuide devices

of such reproducible characteristics, it is necessary that the exchange and
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mode fiald distribution, For example the 2.5 um deep surface waveguide
with ~10um channel width used for making directional couplers [42] are likely
to give highly elliptical mode field profiles with large surface scatter
losses. If these waveyuides were buried by applying an electric field in a
second-step diffusion, the resultant guides are expected to be compatible with
fibers and exhibit lower attenuation.

Ag*-Na* Exchange

The binary exchange of Agt-Na* is by far the most researched technigue

~and in the following we will confine our attention to this binary system
only. Readers are referred to a review by Findakly [43] describing tne
developments in other binary systems as of 1983. When pure AgNO3 melt is used
for the exchange process, large an(~0.1) waveguides are obtained which have
some disadvantages: a large silver concentration causes coloring due to
stlver reduction [2]; secondly, single-mode waveguides are shallow and thus
incompatible with fibers[15]. Moreover, the time of diffusion involved is
rather short, thereoy causing uncertainty and lack of reproducibility in the
waveguide characteristics. Oilute solutions of AgNO3 and NaNO3 allow
achievement of lower an and more controllable diffusion times [10,23]. This
is generally achieved by adding a known amount of AgNO3 in NaNQ3, and the

diffusion is carried out near the melting point of the mixture (> 330%).

However, such a process is not applicable to batch processing as silver

concentrations will change during the process, causing alterations in the

wavequide characteristics. This problaem can, however, be overcome by the

glectrolytic release technigue [18]. The process allows generation of a very

small concentration of silver ions precisely. Since a metallic silver

electrode rather than a salt mixture is used, the impurities can be kept

minimii as ultrapure silver rods are commercially available. The process of
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electrolytic release can be controlled electronically allowing a high degree
of accuracy in the concentration of Ag*t jons in the bath. Using a
concentration cell 447 for the in situ measurement of Ag+ jon concentration,
high-measurement accuracy and assured reproducibility have been demonstrated
to facilitate on-line concentration control (to better than 1 ug) by periodic
pumping of the silver jons into the molten bath,

The Ag*-Na+ jon-exchange process s fairly versatile, and both planar
[2,6-8,12,14-16,18,23,257 and channel [7,14,15,22,41] waveguides have been
fabrjcated. The surface waveguides made in the first-step diffusion have been
buried under the glass surface by carrying out diffusion in a second step with
or without an externally applied electric field across the glass substrate
when no silver jons are present jn the melt 712,14,15,25,457. Thus the index
profile can be tailored to the desired characteristics by a judicious choice

of the process parameters (melt composition, temperature and applied field) in

each step for a given glass and a given jon. Concentration of the incoming

jon jn the melt determines the net index change,

Process and Performance--A Mecessary Link

In order to establish a correlation hetween the process parameters and

the waveguide performance, it is necessary to investigate the varjous steps

jnvolved. These studies can be categorized in the following distinct areas:

1) TIon-exchange equilibrium to determine the relationship bhetween the

melt jon concentration and the glass-surface jon concentration.

2) Analysis of the diffusion equation with appropriate boundary condi-

tions to predict the concentration profile.

3) Fabrication of the wavequides,
4) Experimental determination of the diffusion profile and correlation

with the theoretical analysis. It js generally assumed that the
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concentration profile is a replica of the index profile, This
assumption has been experimentally verified and is valid as long as
the concentration is small [46,47].

5) Calculation of the waveguide propagation characteristics by solving
the Helmholtz equation for the given index profile.

6) Optical characterization of the waveguide and the correlation between
the measured parameters and the process parameters. This involves
measurement of mode indices (in the case of surface waveyuides where
prism coupling technique can be used), tha cutoffs of the modes [48]
and their field profiles and, of course, the attenuation. In most of
the work reported in the literature [2,10,12,16], the mode indices
data have been wused to determine the index profile by using the
inverse WKB approach [49]. In this case step 4) is a part of 6).
However, this method is not suitable for analyzing single-mode guides
or steep profiles.

Il Theorz

A. Ion-Exchange Equilibrium

When the glass containing a monovalent cation B is introduced into a
molten salt solution containing the diffusing monovalent cation A, ion A is
driven into the glass by an interphase chenical potential gradient and in
order to maintain charye neutrality, ion B is released into the melt. This

ion exchange process can be represented by an overall chemical reaction as

follows (50]:
A+B = A+B , (1)
where the bar denotes the cations in the glass phase.

[n the study of chemical reactions, one is concerned about the rate of

reaction and the equilibriun characteristics., The rate of ion exchange may bhe
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limited by the following processes:

(i) Mass transfer of reactants and removal of products from the reaction
interface in the melt.

(ii) Kinetics of the reaction at the interface.

(iii) Transport of ions in the glass.

Transfer of cations in the melt takes place via diffusion and
convection, Convection in the melt can be altered by stirring the melt.
However, near the glass-melt interface, a region may exist where no convective
mixing occurs because of fluid friction at the interface. Across this

stagnant boundary all the mass transfer of the cations to and from the

reaction interface occurs through diffusion [51]. If the liquid-phase
diffusion can supply ample reactants and remove enough products to and from
the interface, the process is not mass transfer limited. For diffusion to be
a limiting process in the melt, the important parameter is (NA/NA) (DA/DAf&,

where Np denotes the malar concentration of cation A and Dy its self-diffusion
| coefficient. It has been shown [51] that if this parameter is greater than
about 10, the rate is not mass transfer limited due to diffusion in the melt.

; At the interface, the overall rate of the reaction is affected by
] kinetics of the ion-exchange reaction. It is highly unlikely that surface
kinetics are a rate-limiting step and are thus assumed to be much faster than
the transport processes in the melt and glass phase. In the glass phase, mass
transport is carried out entirely by diffusion of the cations. The
) equilibriun state of reaction (1) specifies the surface boundary condition for
the diffusion process and the accompanying surface-index change, Thus the
control of the cation diffusion profile in glass is subject to manipulation

of this boundary condition and the cation transport (diffusion) properties in

the glass,
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A convenient method of notation in a binary problem is the definition of

the cation fractions:

Cp
N, =
ATyt G
CR
and N, = s
RO Th+ Gy

where Ni ijs the cation fraction and Ci js the absolute concentration of the

A}

cation i in the salt phase. It can be seen from the above relations ChaalC

Similarly in the glass phase, we have
Ny + Ty =1 (3)

Garfinkel [507 proposed a model to describe jon-exchange equilibrium
between glass and molten salts successfully. For the overall ractjon (1), an

equilibrium constant is defined as

K = (4)

where Y; is the activity coefficient of the respective jon. The ratio of the

activity coefficient in the molten salt can be represented by the Regular

Solution Theory 527:

g A .

where R is the gas constant, T is the temperature of the melt in Kelvin and A

is the interaction energy of the twn cations in the melt, In this model, the

reference state for the activity of each ion js chosen as
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In the glass phase, the ratio of the activities of the two cations is
represented by the n-type behaviour first suggested by Rothmund and Kornfeld
[53] which states:

2

A

= |>zt

(=71
@

~
=

B

Here the reference state is defined as:

Substituting Eqns. (2), (3), (5) and (k) into (4), the following equation is

obtained.

n (o) * g7 (L1-2N) =nin ~) - InK (7)
If the models for the activity coefficients in the two phases are valid, a
plot of the left-hand-side of (7) versus In | NA / (1 - NA ) } should yield a
straight line with slope equal to n and intercept equal to In (1/K). When the
parameter n is unity, the glass is said to be ideal. A large value of K on
the other hand would indicate a large intake of the cation A by the glass for
a yiven melt composition. Once the paramters n and K are determined, Eq. (7)
provides a relation between NA and Np at the glass surface from which accurate
boundary conditions for solution of the diffusion equation can be obtained.
Studies of ion-exchange equiiibrium in glasses include the early work of

Schulze [54] and later, the pioneering work of Garfinkel [50] involving many
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different cation pairs. In both these studies, the silver cation
concentrations were relatively large (NAg > 0.1). More recently, Stewart and
Laybourn [10] reported a study of Agt-Na*t exchange at very low concen-
trations (NAgN 10'4) required for fabrication of single-mode waveguides.
However, the information on the surface concentration of Ag+ in glass was
obtained indirectly by optical measurements on the waveguides. There are two
drawbacks in such a method; first, the WKB method employed to determine the‘
mode indices is subject to error in cases where waveguide supports only one or
two modes [55], and second, the assumption that in the case of pure AgN03
melt, al) the surface Na' ions in glass are substituted for Ag* ions, may not
necessarily be valid [56]. It is therefore desirable to measure absolute
concentration profile of A3 ions in the glass. Recent results [57] of Ag*-
Nat ion-exchange equilibrium using atomic absorption spectrometry for the
measurement of absolute concentration of Ag¥ ions in glass indicate that at
the processing temperature and under variable mixing conditions, neitnher mass
transfer in the melt nor the reaction Kkinatics at the melt-glass interface
influence the exchange process, The dopant profile is observed to bpe
primarily determined by tne diffusion of silver ions in the ylass matrix. The
diffusion profile at low melt concentrations (NAg-IO'Q) is found to be erfc¢
which is not only in excellent agreement with that obtained by the SEM
analysis [25], it also correlates well with the index profile derived from the
measured mode indices [23,45]. This correlation allows determination of an
empirical relation for the surface-index change from the known meit concen-
tration (see Fig. l). The results also show that tne assumption of a concen-
tration independent interdiffusion coefficient in solving the diffusion
equation (12,15,23] is wvalid in the case of low silver melt concentra-
tion (~10'4MF) employed for single-mode waveguide fabrication. The subject of

the index profile will be further discussed in the following when we describe
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the diffusion process.

B, Diffusion Equation

The Fickian diffusion molar flux components of the two cations in the

glass phase are given by [58]

3. = - B. v; ine + u.E.g , (R)
! ! 3nt. T
j

where $5= molar flux of cation i (moles/m?-s) ,

Di = self-diffusion coefficient of the cation i ,

My = electrochemical mobility (m?/V-s) R

31 = thermodynamic activity (mo\e/m3) ,
and E = electric field (V/m).

It must be pointed out that in glasses, Einstein relation between the

self-diffusion coefficient and mobility, i.e

_ kT -

Dy = = 45 (9)

.

is generally not valid, Instead, equation (9) is written in a modified form
gjven by

S o kT -
0; = F— u (10)

: ,
where the correlation factor f depends on the glass composition and has been
found [59] to be in the range 0.1 < f < 1.

A few words ahout the electric field E are in order here. E , as it
appears in equation (8), includes any external applied field as well as the
component arising from a local space-charge distribution near the diffusion
boundary which moves deeper into the substrate as time evolves. The space

charge region is caused by the lower mobility of the incoming jon ( up < ug )

and is governed by the following relation

>

ve{ec E) = p (11)
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where the local space-charge density
pee (Cy+ Cp-CO) (12)
In the above equation ERO ijs the absolute concentrations of cation B in
the glass before the ijon exchange, For weakly quiding case, (11) can be
replaced by vef = p/e. The fact that V-E ¥ 0 shows that in the presence of the
space charge, the Eq. (13).

- - -0
Cp + Cq = Cq (13)

is not strictly valid but during diffusion it is found to be very nearly so
risi.

Using the continuity equations -

(13} gives

ve(3+d) =0 (14)

Using the Eq. (14) in (R) and assuming that the self-diffusion coeffiejents
Di are not concentration dependent, the diffusion equation can be derived in

the following form

T >
A 1 n 2
=y, Eevl, [ ] + N, v C (15)
A R N T
HA
where a=1- . (16)
B
and n =a_]n_iA—. (17)
aln CA

89




Eq. (15) can be solved to obtain the concentration profile provided the
initial condition and the houndary conditions are known. One of the houndary
conditions involves knowledje of the concentration of cation A at the qlass
surface which is a function of the melt concentration via the equilibrium
condition of reaction (1). Eq. (7) provides such relationship.

The Mixed Alkali Effect

Although it is generally assumed that the self-diffusion coefficient of
each jon is concentration independent, it is known that when two alkali ions
are present 1in the glass, some properties directly related to alkali ion
movement show large departures formm additijvity (607, A general consequence of
adding a second alkali is signficant reduction in the diffusion coefficient of
the original alkali ion. While this reduction in -diffusion coefficient
occurs whether the second alkalj is larger or smaller than the original one,
the magnitude of the change varies directly with the concentration and the
size mis-match of the second alkali. Moreover, the self-diffusion cnefficient

of an alkali don is alwavs considerably higher than the Jimpurity alkali

diffusion coefficient, This implies that
HA << HR for NA << 1

and furthermore suggests that %, and Ng vary with the concentration of the
diffusing species A and hence are position dependent.,

The ratio of the two self-diffusion coefficients (Dy/Dy) thus varies
drastically in the glass during the diffusion prncess and this concentration
dependence of the self-diffusion constants should he considered explicitely in
deriving the diffusion equation. To the best of our knowledge, this has not

been done, obviously due to the complications involved not only in the
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analysis, but in some cases such as Ag® - Na

axchange, sufficient experi-
mental data is not available to include the dependence of GAg on NAg in the
analysis. However, for large silver concentrations such as involved in
fabrication of gradient index components for imaginy applications, an
exponential dependence of DAg has been assumed [61]. One consequence of the
mixed alkali effect is that step-like diffusion profiles are obtained when
there 1i1s considerably large concentration dependence of the two diffusion

coefficients (11].

C. Solution of the Diffusion Equation

a) Diffusion without external field

Egq. (15) can be further simplified if there is no external field present
and v. £ is set equal to zero. In other words, the local space charge is
neglected. In this case it can be shown [15] that the two-dimensiocnal

diffusion equation becomes

a_n},l BT nd | ER ST ndy 3Ty \ 1)
~ T EYvEE v - . SRV J
ot 3X 1 - NA 3X Yy 1 - 4 T Gy

Further simpiifications occur in the following cases:
(i) o =0, i.e., the two cations are aqually mosile. In this case

% o

3N ER ERR
;\ - n[j ’ A—+V A} ) I3 Q
r N A (19)
3X 3y

(ii) N

g << 1, i.e., concentratinn of the iacoming ion is much smiller than
that of the outgcing ion in the ylass., In this case also the diffusion
equation reduces to (19). This approximation is reasonanly valid for
single-mode waveguide rabrication conditions [25,57].

(i1i) In the case of planar waveyguides (13) reduces to the one dimensional
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diffusion equation which is normally written as

3N 3R
A _ 3 ~ A
3t 3x (D X ) (20)

where D is called the interdiffusion coefficient given by

nDA

. N (21)
1- a NA

If it is further assumed that in the glass, the Einstein relation (9) is

~ valid, and if not, at least the correlation factors f; [Eq. (10)] for the two

cations are the same, then

nd, O
B AB (22)
DA NA + DB NB

For the two cases (i) and (ii) pointed out above, D = nﬁA. In this case the
diffusion equation has the simplest form:

3Ny B s Ny

—— =nf —_— (23)

3t A ax2

and with the initial and boundary conditions yiven respectively by

Ny (x,0) =0 at x >0 (24)
NA (°°9t) =0
and NA (0,t) = NO for all t >0,

the solution [51] of (23) is,

Na (x,t) = N_ erfc (x/wo) (25)
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where Wy = 27 ndpt (26)
N 2 o - az
and erfc (z) = J, e " da (27)
Y @

W is called the effective depth of diffusion and corresponds to that distance
from the waveguide surface where (8, / N) = erfc (1) = 0.157.
When o » 1 such as the case of C.* - Na© exchange [11], the interdiffusion

coefficient is highly concentration dependent and the solution of the

diffusion equation

3N D 3R
A3 A A
5t " ( 3 ) (28)
1-aN

for various values of a is obtained by %umerical solution. The results have

been given by Crank [51]. Step-like profiles are obtained when a approaches
unity. For intermediate values of a, Gaussian-like diffusion profiles are
obtained [62]. Finite-difference method has been used by several workers to
solve one-dimensional as well as two-dimensional equations successfully [15].

b). Diffusion With External Electric Field :

The diffusion of incoming ion can be enhanced by applying an electric
] field across the substrate. In this case, one has to solve the combined
equations (15) and (11) which is a difficult task at best in the two-
dimensional case. However, in the case of one-dimensional (planar)

waveguides, approximate solutions can be obtained under certain conditions,

(i) For the special boundary conditions

-8

g O lfor k=0
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and
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the solution of (15) in one-dimensional case is [63]

- -1

Ny (x) = N {1+ exp [ v R, —
nDA

(x-vt) =} (29)
with a concentration-dependent diffusion front velocity
Vo=V, (l-a)/ (1 -a No )

The velocity vy = ij/e COB depends on the current density i, in the presence

of the applied field,

(i1) For low concentrations (NA << 1), space-charge effects can be neglected

and for planar waveguides Eq. (18) reduces to

Py

N
AL
ﬂ— = nﬁ

A 2 X

and NA (x,t) is calculated by a Laplace-transform techniques [64]

% No {erfc (x - r) + exp (4rx ) erfc (x + r)} (31)

whera x' X/wo.= X /ZlnﬁAt is the normalized effective depth of diffusion
without external field and r = uEt/wo.

[t has been shown [14,45] that the influence of the space charge [Equation
(11)] leads to steeper diffusion fronts when compared to the solution (31).

For large values of r, the contribution by the second term in (31) is

negligible and the diffusion profile can be approximated as [25]:
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=0,

and » for x> »

w2z
pd =2
Py
i

=0

|

Qs
>

the solution of (15) in one-dimensional case is [63]

a -1

Ny () =N {1+rexp [ vR — (x-vt)=~]}

(29)
0 -
nDA

with a concentration-dependent diffusion front velocity

VoE v (1-a)/ (1 : a N )
The velocity v, = ig/e CoB depends on the current density i, in the presence

of the applied field.

(i) For low concentrations (NA << 1), space-charge effects can be neglected

and for planar waveguides Eq. (18) reduces to

g

N 3°N aN
A A
_ = nDA > - pE —— (30)

a

and NA (x,t) is calculated by a Laplace-transform techniques [64]

Ny = %- R {erfc (x - r) + exp (4rx ) erfc (x + r)} (31)

where x' = x/w04= X /2/n5At is the normalized effective depth of diffusion

without external field and r = uEt/NO-

It has been shown [14,45] that the influence of the space charge [Equation
(11)] leads to steeper diffusion fronts when compared to the solution (31).
For large values of r, the contribution by the second term in (31) is

negligible and the diffusion profile can be approximated as [25]:
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N
Ny (x, 1) = == ferfc (x - r)}, r> 2.5 (32)

In the two-dimensional case, Eq. (15) has been solved [14] neylecting the
concentration dependence of the interdiffusion coefficient and assuming that
the diffusion term in (15) is small. While such solutions are valid for very
large applied fields such as involved in multimode waveguides, the case of
single-mode guides does not fall in this category. In such situations
equation (15) can be solved only by numerical methods {15].

c). Two-Step lon Exchange (Buried Wavequides)

Surface wavequides obtained by ion-exchange are characterized by higher
loss caused by surface scattering. Furthermore, the intensity profilte of the
guided mode 1is not circularly symmetric and compatible with optical fiber.
These drawbacks can be overcome by burying the waveguides in a second ion
exchange in a melt free of the cation A. An external field may pe applied
during this step to control the buried depth and the index profile. Since the
initial conditions in this case are determined by the first-step diffusion
profile, analytical solutions to Eg. (15) cannot be obtained and one has to
resort to numerical techniques once again and has been attempted by several
workers in the past [15,45,65]. While in the case of planar waveguides the
correlation between theory and experiment has been successfully achieved [45],
there is not sufficient evidence whether the results and the approximations

made predict satisfactory results in the case of channel waveguides.

ITI. Results

A. Planar Waveguides

Modelling of the diffusion (index) profile in the case of planar

waveguides has been reported by many workers [15,45,65]. At low melt
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concentrations used for fabrication of single-mode guides, it has been shown

[45] that interdiffusion coefficient is only weakly dependent on the silver
¢oncentration., Assuming that electrical mobility u and the electric
field £ do not depend on position, the one-dimensional diffusion equation is
given by (30). The waveguide index profile for the two-step process for given
fabrication  parameters can be predicted reasonably well [45,65]
provided U, u and the surface index change an in the first step (without
applied field) have been previously determined. Fig.2 shows the schematics
used by the authors for the fabrication, modelling, characterizatiun and
correlation of the experimental and theoretical results.

The value of U is obtained by measuring the width W of the index profile
and using the relation W = Z/fgg‘. The surface-index change is determined by
measuring the mode indices of the guided modes using a prism coupler. In the
case of waveguides which support one or two modes, the mode index data can be
correlated with the theory as follows: The oane-dimensional normalized
Holmholtz equation is solved for the index profile by a finite-difference
method to obtain the mode indices of the TE modes. The two variables An and
Wy are adjusted to give the best fit to the measured indices. In the case of
multimode waveguides (> 6 modes), the inverse WKB method [49] may be employed
to give the index profile and the surface-index change. lonic mohility u can
be determined by fabricating a surface waveguide in presence of an external
field and using the mode-indices data to determine the index profile. A
subsequent fit to the calculated profile with the predicted result of Eq. (31)
then yields the values of D and u [25]. The surface-index change an has been
observed to be independent of the applied field [25].

Once all the necessary parameters are determined from single-step ion

exchange, buried synmetric index profiles can be obtained by carrying out ion-
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exchange in a second step by anplying an external field in a NaNO3 molten bath
free of silver, The resuiting index profile can be measured by SEM analysis
[25]. Alternatively, it can be predicted by solving the diffusion equation
with the use of appropriately known boundary and initial conditions., Fiy. 3
shows the evolution of the index profile with the second-step diffusion time
as calculated by using a simple nunerical method {45].

The variation of index profile width W and the index-peak position Xpeak
below the waveguide surface with the diffusion time and the field during the’
second-step are shown in Fig.4,. It is observed that W ~ /fg_, a result 1in
agreement with the experimental data [25] shown by the crosses (x) in the
curve 1. The index-peak position (Xpeak) depends linearly on time as well as

on the field. This result suggests that the whole profile is translated by

the applied field and the net translation is governed by the product uEt.

B. Channel Waveguides

Although planar waveguides form the basis for study of the basic ijon-
exchange process, they cannot be used in real system applications because of
yeometrical incompatibility with fibers. For practical applications, there-
fore two-dimensional channel waveguides are fabricated. Tnis is achieved by
delineating open channel patterns of varying widths on glass substrates Dy
photolithographic techniques and then carrying out ion exchange process
creating a waveguiding region via the mask openings. Al though chénnel wave-
guides using the ion-exchange techniques have been around for quite a while
(in fact, the first glass waveguides were of stripe geometry [3]), not until
recently adequate attention was given to optimization of singe-mode structures
in terms of the mode symmetry, attenuation, and fiber-compatibility.
Modelling of surface channel waveguides has enjoyed partial success as the

two-dimensional diffusion equation (15) has been solved numerically in special
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cases [14,15]. The two-step process still remains to be modelled. Part of
the problem in modelling has bean the presence of significant side diffusion
of silver under the metallic (mostly aluminum) masks [22]. A systematic study
of single-mode channel surface waveguides prepared from dilute AgNO3-NaNO;
melts was carried out recently with mask widths ranging from 2 to
10 um [22]. Their diffusion profiles were determined along the widths as well
as along the depth direction. Fig. 5 shows the profile for a mask opening
of 10um width as obtained by SEM. A comparison of these waveguides with the
planar structure fabricated under identical conditions shows:

a) Decreasing NAg decreases diffusion depth in channels, a result
similar to that observed in planar guides [25].

b) Increasing channel width increases tne diffusion depth approaching
that of the planar guides for large widths, However, for lower NAg,
planar values are achieved at lower guide widths,

¢) Channels have smaller an as compared to their planar counterparts,
approaching their value for mask widths of the order of 10 um.

d) There is substantial side diffusion under the masks. The aspect
ratio of the index profile varies between 1.5 and 3.0 as the mask
width increases from 2 to 10 um, However, the surface guides are
single-moded at 1.3 um wavelength up to mask widths of ~ 6 um when
NAg =2 x 10°%F and diffusion is carried out at 330° for 60 min.

e) In single-mode regions the channel waveguides have negligible
deplarization whereas multimode guides exhibit measurable
depolarization due to mode connversion. Moreover, no deposition of
silver under the edges of metallic a}uminum masks was observed,
contrary to what has been reported in the literature (15] when

diffusion was carried out from pure AgNO3 melts. The lack of
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depolarization and the high quality of the waveguides free from
scattering centers and birefringence can be attributed to the low
level of silver concentration (Np, ~ 10~%F) .

Following this study and availability of the relevant parameters from
two-step process in planar waveguides, low-loss single-mode buried channel
waveguides have been successfully fabricated by a two-step process with a view
towards process optimization for 1.3 um operation [66]. Measurements of the
mode field distribution have been carried out by using an experimental
arrangement shown schematically in Fig. 6. A conventional Corning single-mode
fiber with 1/e mode-field diameter of 10 um was employed to couple light into
a photodetector covered with a 10 um pinhole and the near field intensity
distribution was scanned parallel and perpendicular to the channel width,

Typical results are shown in Fig, 7. It is obvious that in absence of an
external field in the second step, the mode field is elliptical for any masx
width. This 1is attributed to significant side diffusion undar the masks
[22]. Applied field is essential to improve the symmetry of the index profile
Dy treducing tne uiffusion time 1n the second step and a consequent reduction
in side diffusion. Nearly circular mode fields with mode-field dianeter in
the 9-10 um range can be obtained from mask widths in the rangye of 4.5 -
6.5 uym, For these optimum buried waveguides, the fiber-waveguide total
throughput loss (including the coupling loss, Fresnel loss and propagation
1oss) on the order of 1dB have been achieved {66] for 15 mm long channel using
commercial slides as the soda-lime glass substrates. [t 1is expected that
Jower losses can be achieved by using better quality ylass. The experimental
arrangement of Fig. 7 allows evalution of the coupling efficiency via the mode
overtap integral [67] and Fresnel loss is estimated by knowing the refractive

indices of the fiber and the waveguide. The technique thus allows
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determination of the propayation Joss.

Theoretical analysis of channel waveguides of arbitrary refractive index
profiles is carried out using one of the several techniques. Effecive index
approach [638,69], variational methods [70,71] and a host of other nunerical
methods [72-74] have been used over the years to predict the propagation
characteristics with reasonable accuracy. The theoretical results, however,
have not bheen compared to experihental values due to lack of accurate
knowledge of index profiles in practical waveguides. This challenge is one of
the subjects under study. This lack of correlation between theoretical and
experimental work does not present any significant obstacles as far as the
prediction of mode-field profile is concerned since the field profile is not
very sensitive tn the index distribution [75]. However, parameters such as
the propagation constant and coupling coefficient between two adjacent
waveqguides (such as in a directional coupler) cannot be calculated witn
reasonable accuracy to desiyn useful devices.

CONCLUSION

[on-exchange technology for fabrication of passive wavequide components
in glasses has made significant progress in the past few years. Improved fab-
rication and characterization technigques and modelling of the ion-exchange
process have allowed a deeper understanding of the processes and the role
played by the fabrication parameters in determining the waveguide character-
istics.  Although low-loss fiber compatible single-mode waveguides can be
fabricated with reproducible mode field profile and low loss, the repeat-
ability of the process for useful [-0 devices is yet to be demonstrated. A
vigorous activity to respond to this challenge is leading to renewed enthu-
siasm in the field. We expect to see major thrust in this area in the coming

years 3s the economic viability of massive employment of fibers in such
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Fig. 1.

Fig. 2.

_Fig. 3.

Fig. 4,

Fig. 5.

Fig.6.

Fig.7.

FIGURE CAPTIONS

Varjation of surface-silver concentration NAg and index
change an with melt silver concentration NAg at 330°C in a

soda-1ime glass. [Ref, 57]
Schematics for study of two-step jon exchanged waveguides,

Evolution of 9index profile with second-step diffusion time.

[Ref, 457

Variation of the index peak position Xpeak below the glass
surface and the 1/e index width W with the second-step

parameters, The data points are from Ref, [25] and the

theoretical curves from 457,

Silver concentration profile in channel waveguide as measured

by SEM, [Ref, 22]
Mode-field measurement schematics.
Variation of measured 1/e intensity width in (1) surface and

(2) buried waveguide with mask width, H denotes horizontal

scan (paralled to the suhstrate surface) and V denotes

vertical scan [Ref., 6617,
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Silver Film-Diffused Glass Waveguides: Diffusion
Process and Optical Properties

S. IRAJ NAJAFI, memser, 1EEE. PAUL G. SUCHOSKI. JR..

AND

RAMU V. RAMASWAMY, SENIOR MEMBER, IEEE

Abstract—Diffusion of a silver film into a glass substrate in the pres-
ence of an electric field is used to fabricate a series of planar wave-
guides in an etfort to better understand the diffusion process and to
relate the process parameters to the device parameters. The results
indicate that it is possible to fabricate highly muitimode waveguides
which exhibit no fabrication-induced surface defects and no coloration
due to silver reduction provided the silver film is not depleted during
the diffusion process and the diffusion temperature is low (275°C or
less). In addition, scanning efectron microscope (SEM) analysis and
optical characterization indicate that the maximum index change in the
wavepuide is strongly dependent on the applied field. We demonstrate
that An varies from approvimateiy ¢ to 0.075 for tields ranging from 0
to 15 V' mm. mahing this technique specially attractive for the fabri-
cation of wavepuide structures requiring a large, variable change in
refractive index.

1. INTRODUCTION
LASS waveguides have recently receinved considera-
ble attention since they appear to be suitable candi-
dates for the fabrication of low-cost, low-loss integrated
optical devices. To date. the majonty of the waveguides
studied have been fabricated by placing a glass substrate
in a molten salt bath at an elevated temperature and ex-
changing the constituent sodium ions with various
monovalent ions [1]. At the University of Flonda., we
have investigated extensively the Ag™-Na’ exchange in
glass {2] and have been able to fabricate reproducible.
low-loss single-mode and multimode planar and channel
waveguides. Although Ag”™-Na™ exchange seems to be
an extremely promising technigue for fabncating single
mode passive devices, it appears that it may not be quite
suitable for certain device applications, e.g.. highly mul-
timode waveguides with numerical apertures comparable
to that of multimode fibers and nonuniform waveguide
structures.
An alternative method for fabricating glass waveguides
utilizes diffusion of silver films into glass [3]-{5]. In this
process, a silver film is deposited directly on a glass sub-
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strate and then diffused at an elevated temperature. An
clectric field can be applied across the sample to aid the
diffusion process. We find that this techmque offers sev-
eral advantages over ion-exchange: 1) the process is rel-
atively clean since pure (99.999 percent) silver is depos-
ited directly on a clean substrate and the subsequent
diffusion is performed in a closed chamber; 2) the tem-
perature and concentration gradients across the width of
the sample are negligible compared to the ion-exchange
technique resulting in uniform waveguides: 3) the wave-
guides can be tabricated at relatively low temperatures:
and 4) it 1s possible to fabricate low-loss waveguides with
large An whereas similar waveguides fabricated using 10n-
exchange tend to be colored due to silver reduction. The
major disadvantage of this technique s that 1w is ditheult
to make deep (10 um) single-mode waveguides whereas
this can be easily achieved using the ion-exchange tech-
nique.

In the carlier work on silver-diffused glass waveguides
first presented by Chartier et al. [3]. a thin laver of silver
(used as both the dopant and the anode) was deposited on
the top surface of a glass substrate while a layer of alu-
minum, deposited on the back of the sample. served as
the cathode. The ditffusion was carried out at temperatures
ranging from 170 to 300°C with applied ficlds from 0 to0
500 V/mm. Chartier ¢t al. obtained single-mode wave-
guides after 35 min of diffusion at 180°C using an electric
field of 50 V/mm. The maximum index change of their
silver-diffused waveguides was approximately the same
(0.09) as their Ag -Na~ exchanged waveguides made
using pure molten AgNO .. [n addition, they reported fab-
ricating wavegwides with seven guided modes at 250°C
without an applied field (difusion time of 2 h).

Findakly and Garmire (4] used an almost similar tech-
mque where a few hundred angstrom thick silver film
served as both the dopant and the anode. For the cathode,
they utilized a gold Alm for the tabrication of single-mode
guides and molten sodium nitrate for highly multimode
gutdes. The waveguides ranged in width from a few mi-
crons 1o a few tens of microns depending on the apphed
field tup to 100 V'mmy and the ditfusion temperature
{250-500°CY. The authors estimated a An of 0.001 for
guides fabricated with no applied tield and a An of up to
0.025 with an applicd ticld. As they mentioned, these re-
sults did not agree with the results presented in |3]. In
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addition, they were unable to make a single-mode wave-
guide even after 4 h of diffusion at 25C°C (£ = 0) which
again was in contrast with [3]. Our own experience con-
firms the results of Findakly and Garmire [4].

Pt er al. {5) developed a slightly different set-up for
the diffusion process which made use of a separate anode
and dopant source. The aluminum anode also acted as a
pattern-delineation mask for defining the desired device
geometry. The solid dopant source was replaced by a sil-
ver vapor stream continuously supplied during the diffu-
sion, so that there was no limit to the guide depth imposed
by the silver film thickness. As in the previous experi-
ments. a metallic film was used as the back electrode. Pitt
et al. tabricated waveguides with a maximum Az of 0.08
using ditfusion temperatures ranging from 100 to 300°C
and applied fields from 0 to 100 V/mm. During the dif-
fusion process, the authors monitored current flow through
the glass and observed that after a certain period of time,
the current flow began to decrease. They attributed this
requction to sodium depletion from the surface ot the
sample.

In this paper. we report on a series of planar, silver-
diffused waveguides fabricated with vanious silver thick-
nesses. diffusion times. and applied fields in an effort to
better understand the physics of the diftusion process. The
setup 1s similar to that reported in [4], except we deposit
a gold film over the silver film to prevent oxidation of the
silver during the diffusion process. SEM (scanning elec-
tron nucroscope) analysis and the prism coupling method
are used to determine how the various process parameters
aftect waveguide performance. Included in this discussion
1s a demonstration of how An varies with applied field.
Finally. we compare the optical propertics of the silver-
diffused waveguides to Ag " -Na ™ exchanged waveguides
fabricated in our laboratory.

II. WaveGuine FapricaTioN

We utilized the set-up depicted in Fig. 1 for fabricating
the silver-diffused waveguides. I[nitially, a several thou-
sand angstrom thick silver film was deposited on the soda-
lime-glass, Fisher Brand Premium substrate (composition
(wt percent): S$i0.—72.25 percent. Na.O—14 31 percent,
Ca0—6.4 percent. Al,O,—1-1.2 percent. K.O—1.2 per-
cent, MgO—4.3 percent. Fe,(0,—0.03 pereent, and SO, —
0.3 percent) using an electron beam evaporation system.
To prevent oxidation and flaking of the silver film during
the ditfusion process. a 2000 angstrom gold film was de-
posited on top of the silver. This structure served as the
anode. We chose to use a molten salt for the cathode since
metalhe back electrodes tend to deteriorate with time due
to an accumulation of sodium metal [4]. A small amount
of powdered silver nitrate was placed on top of the ulass
sample and melted to form the cathode. Molten silver ni-
trate was chosen for this purpose because it has a consid-
erably lower melting point than sodium nitrate. Connec-
tion to the molten stlver nitrate clectrode was ac-
complished using a Large loop ot copper wire. Duce to the
finite resistivity of the molten silver nitrate, care must be
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taken to locate the copper wire at least 0.5 ¢m from the
back surface of the glass or else the applied voltage will
vary across the sample. resulting in a nonumiform ditfu-
sion.

The diffusion was carried out at 275°C in a quans tur-
nace tube. The current low was monitored during the dit-
fusion process by measuning the voltuge drop across an
820 @ series resistor (see Fig. 1) and was plotted usine
chart recorder. In Fig. 2. we present plots of current low
versus time for wavegwides fabnicated with an applied ticld
of 20 V/mm and silver thicknesses of 0.4 and 1.0 gm. In
both plots, the current mitially rises slowls for the first 5-
7 min of ditfusion as the AgNO, powder hegins to melt,
making electrical contact with the back surface ot the
glass. Ay the sample warms (we estimate that it takes ap-
proximately 20 nun for the sample 10 reach equihbrium
from the time the AgNO, powder melts and current flow
begius), the current flow increases rapidly due to the fact
that the mohilities of the silver and sodium 1ons in glass
increase exponentially with temperature. After a length of
time. the current flow reaches a maximum value as the
sample reaches thermal equilibrium (275°C). The current
then begins to decrease and goes to zero after very long
diffusion times. This ' chavior is simular to that reported
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by Pitt er al. [S5]; however, we do not believe that it is
due to depletion of sodium from the anode as previously
predicted (5], but instead is due to depletion of the silver
dopant source. To ascertain this fact, we determined the
total current flow through the glass by integrating the cur-
rent flow plots for the two samples. The total current flow
through the 1.0 um Ag film sample is approximately 2.5
times the total current flow through the 0.4 um sample.
Thus, it appears that the total current flow is directly pro-
portional to the deposited silver film thickness. leading us
to believe that the only factor limiting the dry diffusion
process is the finite silver thickness. We believe that the
reduction in current observed in [5] is not due to depletion
of the anode since the authors have essentially an infinite
supply of donant. but instead is due to deterioration of the
aluminum electrode as has been reported elsewhere in lit-
erature [41].

We fabricated a set of waveguides with 1.0 um of sil-
ver. diffusion temperature of 275°C. and electric fields
ranging trom 0 to 20 V/mm. In fabricating waveguides
uring the silver film diffusion process. it is imponant to
stop the process well before depleting the silver source.
Othenwise, there 1s a depletion of cations trom the wave-
guide surtace resulting in surface defects (bubbles). For
this reason. we stopped the diffusion process 30 min after
the current had reached its maximum (steady-state) value.

In Fig. 3. we present the current flow plots for the var-
ious samples. The magnitude and shape of the current flow
plots 15 determined by the applied electric field and the
thickness of the silver tilm. For a given applied electric
ficld. it is possible for the system to reach a quasi-steady
state provided there is sutticient silver dopant on the sur-
face of the sample. In this case, the current flow increases
rapidly until it saturates at a steady-state value. From ex-
amining Fig. 3. it appears that 1.0 pm of silver is suthi-
cient forthe 1. 2.5, 7.5, and 15 V/mm samples to r2ach
steady state. On the other hand. since the current flow
begins to decrease almost immediately after reaching its
peak value (Fig. 2), it appears that 1.0 gm of silver is not
sufficient for the 20 V/mm sample to reach steady state.
For this reason. we diffused an additional sample using
an applied aeld of 20 V/imm and a 1.5 micron thick silver
film.

We should state that the current flow never reaches a
true steady state as described above but instead decreases
slightly with time. (Sce Fig. 3.) This eftect can be attrib-
uted to the fact that the silver ions have a lower mobility
in glass than the constituent sodium ions (the tonic radii
of Ag” and Na™ are 1.26 and 0.97 A, respectively [6]).
Thus. as more of the silver ions diffuse into the glass. the
overall conductivity of the sumple decreases slightly, re-
sulting in a small decrease in current fow. This phenom-
enon should not be confused with the sharp decrease in
current flow due to depletion of the silver dopant.

In Fig. 4. we plot maximum (steady-state) current flow
versus the apphied clectric field tor the above mentioned
sumples. Note that there is essentially a linear refationshap
between these two parameters provided there ts suthicient
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Fig. 3. Current flow versus time for samples fabnicated at 275°C with var-
ous applied fields. A 1.0 um silver nlm is used torthe 1, 2.5, 7.5, und
15 V.mm sampies while a 1.5 um film is used tor the 20 Vimm sample
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silver dopant for the sample to reach steady state. This iy
demonstrated by the fact that the 1.3 um-20 V'mm data
point lies on the /-V curve (Fig. 4) whercas the 1.0 pm-
20 V/mm data point lies well beiow this curve due to de-
pletion of silver prior to reaching steady state. In addi-
tion, it appears that the chemical potential between the
silver film and the glass substrate at this temperature
(275°C) is extremely small since the 1 V data point lies
on the applied field-current fow hine.

In order 4o better understand the physical phenomena
influencing the current flow plots depicted in Figs. 2 and
3. we pertormed the tollowing experiment. Intially, we
placed the glass sample in the diftusion tube and let it
reach thermal equilibrium (approximately 30 min after the
AgNO, melts). We then apphied 15 Vimm across the sam-
ple and vbserved that the current fow increased immedt-
ately 1o its steady-state value. This indicates that the nise
in current i our previous samples (Figs. 2 and 3 iy due
to thermal etfects. Since the resistivity ot the molten
AgNO, back clectrode actually increoses with tempera-
ture (see Figo ), it is obvious that the second stage -
crease in current, which occurs after the wmitial -7 min
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related to the melting of AgNO;, is not just due to thermal
effects at the back electrode: instead, it must be due to a
combination of thermal effects at the silver-glass inter-
face. within the bulk glass. and at the molten back elec-
trode. Although it is difficult to experimentally determine
which of these effects more strongly influences current
flow, we suspect that the sudden change in rate of current
flow (5-8 min after melting of the AgNO,) is due to the
fact that the mobilities of the silver and sodium ions in
the bulk glass increase exponentially with temperature and
can overcome significantly the other two thermal etfects.
We have noticed similar behavior in ion-exchange where
a 4 or 5°C change in bath temperature causes as much as
a 25 percent change in current flow,

III. SEM ANaLYsIS

In order to investigate the effect of silver thickness and
applied electric field on An and diffusion depth, we epox-
ied several waveguides together, polished them, and then
analyzed them using the scanning electron microscope
(SEM) [7]. Our analysis indicates that the thickness of the
silver dopant layer does not significantly affect the maxi-
mum index change in the waveguide. however, An does
vary strongly with applied field. To determine the mag-
nitude of An as a function of the applied field, we com-
pared the silver-diffused samples to an Ag"-Na~ ex-
changed sample fabricated at 330°C in a NaNO; bath with
an A¢” concentration of 2 x 10™* MF (Sce Fig. 6). The
Ag -Na" exchanged guide presented on the left-hand-
side of Fig. 7 has an index change of 0.005 [2c]. Thus,
assuming that An varies linearly with Ag” concentration,
the silver-diffused sample (right-hand side of Fig. 6)
which was fabricated with an applied field of 1 V/mm has
a maximum index change of 0.021. In a similar fashion,
we determined An for other values of applied tield. These
values of An along with the diffusion depths are plotted
in Fig. 7 as a tunction of applied field.

As indicated in Fig. 7. the maximum index change we
obtained using the drv diffusion method is approximately
0.075. This value is in close agreement with the values
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Fig. 6. SEM photograph used to determine 4n in the silver-diffused guide
The sample on the left was fabricated using Ag”-exchange with an Ag’
concentration of 2 x 10™* MF and bath temperature of 330°C. The sam-
ple on the right was fabricated using silver-diffusion with an applied field
of 1 V/mm and an oven temperature of 275°C.
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applied field.

of An presented in [3] and [S5] but differs from that pre-
sented in [4]. One reason for this discrepancy may be due
to the fact that different brands of soda-lime-glass. pos-
sibly with different percentages of compositional constit-
uents (Na, Ca. and K). arc being used by each of the
groups. We hove recently observed [8] that the maximum
index change ot a waveguide obtained using one brand of
soda-lime-glass may be several times smaller or larger
than the An value obtained using another brand of soda-
lime-glass under the same tabrication conditions. Another
possible reason tor the discrepancy may be that Findakly
et al. [4] has used relatively thin silver films and long
diffusion times. thus resulting in lower An due to deple-
tion of the silver dopant.

It is interesting to note the strong variation of An with
applied field. This behavior can be explained by realizing
that the silver ions in the tilm have a centain energy dis-
tribution which depends essentially on applicd ficld and
temperature. The only ions which leave the film and enter
the glass are those which have energy larger than the
chemical potential which exists between the silver film
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TABLE 1
ErFeCTIVE MopF INDEXES OF Ag " -DIFFUSED AND Ag " -Na ' EXCHANGED
GLASS WAVEGUIDES. SILVER DIFFUSED WAVEGUIDES ARt THOSE
REPRESENTED IN FiG. 3. SILVER EXCHANGE DATA 1S FROM
2a, TasLe |]. REFRACTIVE INDEX OF SUBSTRATE 15
1.512 AT 0.6338 um.

Stlver Diffused Waveguides Silver txchanyed wWaveyuides
Ditfusion Apptied MNo. of Mode Effective| Diffusion Applied MNo. Mode Effective
Time field TE Urder  Index Time Field ot TE Order Index

{min) (V/mm) Modes {min) (V/mm) Modes

30 i i V] 1.51830 3 ] 1 0 1.51465

30 2 F4 [V} 1.53800 60 0 2 0 1.51640
1 1.92200 1 1.51293

30 3 3 ¢ 1.54535 90 V] 2 0 1.»1706
1 1.52880 1 1.51408
2 1.5135% 120 0 3 14 1.51716

30 5 4 o 1.55724 1 1.51465
i 1.54402 2 1.51313
2 1.53046 150 0 3 0 1.51798
3 1.51673 1 1.51511

30 1.5 6 0 1.56874 2 1.51363
1 1.95784 30 k[1] 4 M) 1.51822
2 1.54674 1 1.5160%
3 1.53530 2 1.91496
4 1.52244 3 1.5129%
5 t.51211

and the glass surface. As long as the silver film is not
depleted during the diffusion process. the index change
(An) is determined strictly by the number of ions which
enter the glass per unit time. This number obviously in-
creases with both the applied field and temperature. This
effect has not been noticed in Ag"-Na™ exchanged guides
where to the first-order, An is determined entirely by the
silver ion concentration (C,) in the salt bath [2]. Because
of the strong variation of An with E. it should be possible
10 use the silver-diffusion technique to make novel wave-
guide structures. As expected. for relatively large fields
and a constant diffusion time (30 min). the ditfusion depth
varies linearly with applied field.

As indicated in Fig. 7, the deepest waveguides that we
have fabricated are 6 um. However, as mentioned carlier,
it appears that there is no fundamental limitation on the
amount of silver which can be introduced into the glass
using the silver film diftusion method. Thus. a 50 um deep
waveguide, compatible with multimode fibers. can be
fabricated by simply increasing the silver tilm thickness
and dittusing tor 4 h rather than 30 min.

IV, Op1ical. CHARACTERIZATION
We initially used a HeNe laser and the prism coupling
method to characterize silver-diffused waveguides tabri-
cated at 275°C with no applied field. Even after several
hours of ditfusion, the structure supports only a single
guided mode. This result is in agreement with that of [4]
but again is in contrast to the results presented in [3]. We

suspect that this temperature is too low to transport many
of the silver tons from the silver film into the surface of
the glass without an applied field. Therefore, there is only
a very small Ag ™ concentration (small An) inside the glass
surface and a very limited ditfusion unless an electric field
is applied across the sample.

We used the prism coupling technique to determine the
number of TE modes and the effective indexes of the
modes at the HeNe wavelength for waveguides fabri-
cated with applied fields ranging from 1 to 15 V/mm.
Using the silver-diffusion technique. it is possible to fab-
ricate highly multimode waveguides using relatively small
fields and short diffusion times. This is demonstrated by
the fact that a 15 V/mm sample diffused for 30 min sup-
ports 10 guided modes.

The number of guided TE modes along with the effec-
tive mode indexes for waveguides fabricated with applied
fields less than 15 V:mm are presented in Table I and
compared to Ag "-Na " exchanged waveguide results. As
indicated in this table, it is possible to fabncate single
mode waveguides using the Ag”-ditfused technique pro-
vided the applied electric field s relatively small (1 V/
mm) and the diffusion time 1s short (30 min). Also. we
note that the difference in the effective indexes of the fun-
damental and the fifth order modes for the 7.5 V/mm sam-
ple is 0.057. This value is in close agreement with the
predicted An value of 0.061 obtained using the scanning
electron microscope.

It is important to note that no vellow coloring of the
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glass waveguides was observed, even in the samples with
large An. In addition, loss measurements using the three
prism technique yielded average loss values of 0.5 dB/cm
for multimode guides and 1.0 dB/cm for single-mode
guides fabricated on Fisher brand substrates. We did not
expect this result since highly multimode (large An)
waveguides previously fabricated in our laboratory using
the ion-exchange technique with the same brand of glass
substrate tended to be highly colored due to reduction of
silver ions. We suspect that the silver-diffused multimode
waveguides do not exhibit this coloration since the diffu-
sion is performed at a considerably lower temperature
(275°C) than has previously been used. (Typical temper-
atures for Ag™-Na™ exchange are 330°C or higher.)

V. CONCLUSIONS

We fabricated a series of planar glass waveguides using
the Ag” film-diffusion technique in an effort to better un-
derstund the diffusion process and to determine the effect
of the process parameters (diffusion time, silver thick-
ness. and electric field) on the waveguide parameters
(number of guided modes, effective mode index, and
maximum index change). It appears that low loss, high
An waveguides can be easily fabricated using this tech-
nique provided the deposited ‘lver film is sufficiently
thick and the diffusion temp ‘s low (275°C or less).
Single-mode waveguidr~ .. 1er Brand subs 1tes
exhibit losses on the or « 1 ar  n, which is compa-
rable to the loss values outained wi'  ion-exchange tech-
niques using similar substrates. The multimode guides
provide losses better than 0.5 dB/cm and are comparable
to those of Findakly and Garmire [4]. We expect both the
single-mode and multimode guides to exhibit substan-
tially lower losses if a better substrate with minimal tran-
sition metal impurities is used and the guiding layers are
buried.

In addition. we demonstrated that the maximum index
change (An) obtained using this technique is strongly de-
pendent on the applied field. Therefore, we believe that
the silver film-diffusion technique will be extremely use-
ful for fabricating highly multimode waveguide devices
as well as other novel waveguide structures. The tech-
nique should be especially attractive for mass production
due to its simplicity, low risk of contamination, and re-
duced raw material consumption.
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We report a novel electrolytic process that is used to fabricate reproducible, low loss, single mode
waveguides. By precisely controlling the current pumped through high purity Ag and Pt
electrodes in molten NaNQ,, as well as its duration, a high degree of accuracy over the release and
hence the control of Ag* concentration is achieved. The inherent capability of the process to
generate very low level of silver ion concentration with high precision implies much higher time of
diffusion, thus removing the time criticality factor faced by the existing processes while

fabricating single mode waveguides.

The need for optical components using ion-exchanged
glass waveguides has continued to remain strong primarily
because of their compatibility with optical fibers, cost effec-
tiveness, and potential for integration. Since there is no need
to modulate any information at the receiving end of an opti-
cal communication system, passive components on glass
substrates would be an ideal choice. These devices, on the
other hand, cannot be tuned electro-optically and hence
need to be fabricated to strict specification with assured re-
peatability. This in turn demands good process control.

We report a novel technique to fabricate reproducible
single mode waveguides by accurate control of Ag * concen-
tration. Jon exchange is a well-known technique for fabricat-
ing optical components in glasses. Both thallium' and sil-
ver’™ ions are used to create high index surface layers on
glass substrates. The existing processes take either pure
AgNo, or a mixture of AgNO, and NaNO, (silver nitrate
about 10% by weight| for carrying out diffusion, resuliting in
multimode waveguides. With such high concentration of sil-
ver ions, their reduction to metallic state is highly likely
causing excessive absorption and scattering losses. The time
of diffusion to produce a single mode waveguide is about 2-3
min. This makes the timing very critical, thus making the
reproducibility a serious problem. A single mode waveguide
fabricated under such conditions is usually shallow and
hence couples poorly to an optical fiber which can be
thought of as a buried structure of a reasonably large cross-
sectional dimension (8-10 umj).

The proposed process® overcomes the existing prob-
lems by generating very small concentration of silver ions
precisely. The idea is based on the weli-known Faraday’s law
of electrolysis:

When 96500 coulombs of charge are passed through a
metallic electrode, [ g equivalert of the metal is released into
the solution as metal ions.

Thus, generation of silver ions can be accomplished by
using a metallic silver electrode rather than a salt mixture of
AgNO, and NaNO,. Furthermore, melt impurities can be
kept minimal as ultrapure (99.999%) silver rods are com-
mercially available. The process of releasing silver ions can
now be electronically controlled through the realization of
an accurate, variable current source using off-the-shelf oper-
ational amplifiers. In addition, the Ag* concentration in the
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bath can be changed with time so that the diffusion can be
carried out with a variety of boundary conditions, thus pro-
viding a larger control of the refractive index profile.

The process as shown in Fig. 1 is described briefly as
follows. The setup consists of a sait bath heated by a band
heater coiled around it. The temperature of the bath is sensed
by a thermocouple and controlled with a closed-loop con-
troller to an accuracy of + 0.5°C. Initially 400 g of pure
sodium nitrate (A.C.S. grade, Fisher) are weighed and heat-
ed to 330 °C. Then a pure silver rod and a platinum reference
electrode are introduced into the salt bath and 0.2 g of silver
is released into the molten salt as ions by electrolysis. Then
precleaned soda-lime-silicate glass slides are placed in the
bath and the diffusion is carried for periods ranging from 20
to 120 min. The slides are then taken out of the bath. cooled
for about 5 min and the residual salt is rinsed off with warm
water.

The prism coupling technique is used to measure the
mode indices. Table [ shows the propagation characteristics
of the various waveguides. 1 is seen that the first four wave-
guides are single mode. An iterative program is written to
estimate the maximum refractive index change (4n) from the
measured values of the mode indices. For this set of wave-
guides, dn is found to be 0.005. Preliminary results indicate
that 1t is possible to find relations between process param-
eters and the mode index so that single mode waveguides
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TABLE 1. Diffusion times and mode indices for TE modes. Substrate re-
fractive sndex = 1.512 at 0.6328 ;um.

Time of diffusion  No. of modes Mode order Mode index

{mia}

20 1 0 1.51245

40 i Q 1.5130i

60 } 0 1.51337

80 1 0 1.51357

100 2 0 1.51407

I 1.51232

120 2 0 1.514258

1 1.51245

with known propagation constants can be fabricated. The
waveguides show no signs of yellow stain due to silver fon
reduction. To measure the loss, initially an output prism was
used to tap off the transmitted power. To have a reliable loss
measurement, however, it « *emed necessary to take care not
to disturb the input coupling and not to spoil the guide sur-
face at the contact point. These conditions seemed rather
restrictive and hence an improved three-prism loss measure-
ment technique® was used.

It is reported’ that waveguides fabricated on optical
quality glass sometimes have much higher losses due to the
presence of reducing agents in the substrate material. To
select the best material, microscope slides from various glass
manufacturers, viz., Labmate (Fisher), Corning, Scientific
Glass Apparatus, and Schott were used as substrates. The
lowest losses are exhibited by Labmate and Schott as shown
in Fig. 2. The least square error fit to the measured points
gives a loss of 1.0 dB/cm for Labmate and 0.2 dB/cm for the
Schott glass. The losses are measured at 0.6328 um. Oper-
ation in the infrared at 1.3 um will further reduce the losses.

The process thus looks promising for making low loss,
single mode components. It also lends itself to computerized
automation. Since the silver ion generation and temperature
can be adjusted electronically, an on-line computer can be
used to supervise the process operation. The parameters
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FIG. 2. Loss measurement at 0.6328 um.

which are set manually now, can then be eatered in the oper-
ating software of a microcomputer which will execute the
programmed sequence of operations to control the diffusion
process. Efforts are under way to measure the concentration
of silver ions in situ and to study the electrochemical aspects
of the process.

The possibilities of applying a drift electric field to en-
hance the diffusion and burying the waveguides are also un-
der investigation.
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FABRICATION OF ION-EXCHANGED GLASS WAVEGUIDES BY

ELECTROLYTIC RELEASE OF SILVER ICNS
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ABSTRACT

We report a novel electrolytic process thal is used to {ubricate reproducible, low

loss, single mode glass waveguides.

123




FABRICATION OF ION-EXCHANGED GLASS WAVEGUIDES BY

ELECTROLYTIC RELEASE OF SILVER IONS
R. K. Lagu and V. Ramaswamy

Department of Electrical Engineering
University of Florida

Gainesville, FL 32611

Growing interest in singile mode fiber optic communication system because of its
higih bandwidth and hence the large intoi.uauon carrying capacity, as well as the
prospecl of making eflicient, inexpensive optical components have continued to stimu-
late activity in Integrated Optlics. flor the most part, integrated oplical devices such
as high speed switches [1], interferometers [2,3], fast A/D converters {4,5] and etc
have been fabricated using Ti diffused LiNbOz guides. liowever, since LiNbOj is an
electro-optic material, electro-optic Luning has been extremely useful in meeting the

design criteria.

The need for optical components using glass waveguides has continued to remain
strong primarily because of their compatibility with optical fibers and their cost
eflectiveness. Such devices fabricated using gluss waveguildes are expected to find
applications at the receiving ond of an optical communication system. Fowever, these
‘passive’ conponents on glass substrates cannot be tunced olectro-optically to com-
pensate for fabrication errors and hence need (o be fabricated to strict specification

with assured repeatability. This in turn demands good process control.

lon-vxchange has been most vxtensively used for fubrivating oplical waveguides on
glass substrales. Bolh thallum [8] and silver [7-9] ions have been used to exchange
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sodium jons in glass thus formin: ~gh ndex surface guiding leyers on glass sub-
strates. The existing process involves the use of gither pure AgN0s or a mixture of
AgNOUgy and NaNOj (usually, silver nitrate 10% by weight) for carrying out the diffusion
and the resulting guides are usually mullimode. Moreover with such high concentra-
tion of silver ions, reduction to metallic state is highly likely causing excessive absorp-
tion as well as scattering loss. The trme of diffusion to preduce single mode guide with
such heavy concentration of silver ions is about two to three minutes. This makes tim-
ing very critical, thus rnaking the reproducibilly a serious problem. A single mode
waveguide fabricated under such conditions is usuatly shallow and therefore, couples
poorly to an optical fiber which can be thought of as a buried structure of a relatively
large cross seclion (8 - 10 um).

v

e propose and present rosulls of a novel process {10} that overenmes the existing
problems by generating precisely very small concentralion silver ions. Generation of
silver 1ons is accomplished by using o silver ¢letrode as anode and a platinum elec-
trode as cathode rather than o« salt mixture of A:NO,; and NaN@.. When a known
amount of current is passcd for known Limoe throug! Lhe elecirodes dipped in molten
sodium nitrate [Fig. 1], the hatf-reaction at the anode acceunts for the oxidation of
silver and hence the release of precise quantity of 7' ions. “elt impurities are kept
minimal by using ultra purce (98.999:7) silver rods. {0 sdoition, in Lhis process, release
of silver ions 1s electroncally controlod through the recasation o Wi accurate, vari-

o
Yo,

able current source using of shol operationat mpirs, Moruover, the silver ion

concentration in the bath can Lo changed with tane <o that diffusion can be carried

out using a varicty of boundary conditions, tnus cxculicnt control over the

refractive index proiile.
The set-up consists of o sall bath heated by a band neater cotled around it. The
temperature of the bath i< sercod v 0 th rmocoupte and contraiicd with a closed-

t o v . .
loop controller to an aceuraey »f —05% 0 Tntially 100 grams of pure sodium nitrate(
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. grade, Tisher) are weighed and heated to 330°C. Then a pure silver rod and a
platinum reference electrode is introduced into the salt bath and 0.2 grams of silver is
rcleased into the molten sall as ions by electrolysis. Then pre-cleaned soda-lime-
silicale glass slides are placed in the bath and the diffusion is carried for periods
ranging from 20 to 120 minutes. The slides are then taken out of the bath, cooled for

aboutl 5 minutes and the residual salt is rinsed off with warm water.

The prism coupling technique is used to measure the mode indices. Table | shows
the propagation characteristics of the various waveguides. It is seen that the first four
waveguides are single mode. An iterative program is written to estimate the maxinian
refractive index change {(An) from the measured values of the mode indices. For this
set of waveguides, An is found to be 0.005. Priliminary results indicate that it is possi-

le to find rclations belween process paramelers and the mode index so that single
mode waveguides with known propagation constants can be fabricated. The
vaveguides show no signs of yellow stain due to silver ion reduction. To measure the
Ioss, initially an output prism was used to tap off the transmitted power. To have a reli-
able luss measurement, however, it secermned necessary to tuke care not to disturb the
input coupling and not to spoil the guide surface at the contact pomnt. These condi-
tions seemed rather restrictive and hence an improved three prism icss measurement

technique [11] was used.

It is reported {12] that waveguides fabricetod on optio o g

=lass sometimes

have much higher losses due to the presence of reducing agents in the substrate
material. To select the best material, microscope s‘ndcs. from various glass manufac-
turers, viz. Labmate( Fisher), Corning, Scientine Glazs Apparaics and Schott were used
ax subsirates. The lowesl losses are exhibited by Laomate and <onott as shown in
fizure 2. The least square error fit to the measurcd points zives a loss of 1.0 dB/cm.

for Labmate and 0.2 d83.cm. for the Schott glass. e losses are measured at

(.63284m. Uperation in the infrared ab 1.0uin will further reduce the losses.
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The process thus looks promising for making low loss single mode components. It
also lends itself to computerized automation. Since the silver ion genecration and tem-
perature can be adjusted electronically, an on-line computer can be used to supervise
the process operalion. The parameters which are set manually now, can Lhen be
entered in the operating software of a microcomputer which will execute the pro-
grammed sequence of operations to control the diffusion process. Efforts are under-
way to measure the concentration of silver tons in situ and to study the electrochemi-

cal aspects of the process.

The possibilities of applying o drift clectric field to enhance the diffusion and bury-

ing the waveguides are also under investigation.
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TABLE-I

Substrate refractive irdex =

1.512 at 0.632% um

Time of diffusion No. of modes Mode order Mode irdex
(mirutes)

20 1 3] 1.512452
4Q 1 0 1.513074
60 1 G 1 .513365

30 J 1.51:565
120 J 1.314371

1 1.512327

120 s J 1.514250

1 1.5124852
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‘for on-line concentration control.
‘the temperature can be adjusted electronically, the process may be computer controlled.

— gk

‘problems by generating very small concentration of silver ions precisely.
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Fébrication of ion-exchanged glass waveguides through electrolytic release of silver ions
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Gainesville, Florida 32611

Abstract

We describe the fe, cication of low loss (~ 0.2 dB) Ag+-~Na+

waveguides using the novel electrolytic release technique. Development of a concentration
cell that can be used to measure the Ag’ ionic concentration in situ provides opportuniites

Since the silver ion generation and control as well as

exchanged glass optical

Introduction

Glass waveguides have formed the basis for the development of passive integrated optical
components, e.g., star and access couplers, channel dropping filters at the receiving end of
an optical communication system, and in certain specific applications wavefront sensors and
interferometric couplers, because of their low optical propagation loss, compatibility with

optical fibers (both single and multimode), immunity to optical damage, and potential cost-
effectiveness under mass production.

The ion-exchange technique is becoming increasingly popular for fabricating glass
waveguides. The technique involves the exchange of monovalent ions of large electranic
polarizability such as potassium K',!-? rubidium Ro*,* cesium cs', silver ag*,!.,5-10 or
thallium T1%,11,12 yien an ion of smaller polarizability such as sodium ta* which usually is
a component of the glass matrix of soda-lime silicate (or borosilicate) glass.

The existing processes take either pure AgNO, or a mixture of AgNO, and NaNO, (silver
nitrate about 10% by weight) for carrying out diffusion, resulting in multinode wavejuides.
With such high concentration of silver ions, their reduction to metallic state 1s hianly
likely causing excessive absorption and scattering losses. The time of diffusion to produce
a single mode waveguide is about 2-3 min. This makes the timing very critical, thus making
the reproducibility a serious problem. A single mode waveguide fabricated under such
conditions is usually shallow and hence couples poorly to an optical fiber which can be
thought of as buried structure of a reasonably large cross-sectional dimension (8-10 um).

Novel Electrolytic Release Technique

Recently, we reported a novel techniquel® capable of fabricating reproducible single mode
waveguides by accurate control of Ag* concentration. This process overcomes the existing

The idea is based
on the well known Faraday's Law of Electrolysis:

When 96500 coulombs of charge are passed through a metallic electrode, 1 g equivalent of
the metal is relecased into the solution as metal ions.

Thus, generation of silver ions can be accomplished by using a metallic silver electrode
rather than a salt mixture of AgNO; and NalO,. Furthermore, melt iwpurities
minimal as ultrapure (99.9993) silver rods are commercially available. The process of
releasing silver ions can now be electronically controlled through the realization of an
accurate, variable current source using off-the-shelf operatiocnal amplifiers. In addition,
the Ag+ concentration in the bath can be changed with time so that the Jdiffusion can be

carried out with a variety of boundary conditions, thus providing
refractive index profile.

can be keot

largye control of the

The process as shown in Fig. 1 is described briefly as follows. The setup consists of a
salt bath heated by a band heater coiled around it. The temperature of the bath is sensed
by a thermocouple and controlled with a closed~loop controller to an accuracy of #0.5°C.
Initially 400 g of pure sodiuan nitrate (A.C.S. grade, Fisher) are weighed and heated to
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330°c. Then a pure silver rod and a platinum refcrence electrode are introduced into the
salt bath and 0.2 g of silver is released into the molten salt as ions by eclectrolysis.
Then precleaned soda-lime-silicate glass slides are placed in the bath and the diffusion is
carried for periods ranging from 20 to 120 min. The slides are then taken out of the bath,
cooled for about 5 min and the residual salt is rinsed off with warm water.

Mode Indices and Loss Measurements

The prism coupling technique is used to measure the mode indices. Table 1 shows the
propagation characteristic of the various waveguides. The waveguides show no signs of
yellow ¢-ain due to silver ions reduction. To measure the loss, initially an output prism
was usec to tap off the transmitted power. To have a reliable loss measurement, however, it
seemed n 'cessary to take care not to disturb the input coupling and not to spoil the guide
surface at the contact point. These conditions seemed rather restrictive and hence .an
improved three-prism loss measurement technique was used. Substrates from various glass
manufacturers, viz., Labmate (Fisher), Corning, Scientific Glass Apparatus, and Schott were
used for fabricating Ag*-Na*’ exchanged waveguides. The lowest losses are exhibited by
Labmate and Schott as shown in Fig. 2. The least square error fit to the measured points
gives a loss of 1.0 dB/cm for Labmate and 0.2 dB/cm for the Schott glass. The losses are
measured at 0.6328 uym. Operation in the infrared at 1.3 pm will further reduce the losses.

Table 1. Diffusion times and mode indices for TE modes.
Substrate refractive index = 1.512 at 0.6328 um.

|
Time of diffusion Number of  Mode Mode index |
(min) modes order |
|
|
20 1 o] 1.51245 l
40 1 0 1.51301 |
60 1 o] 1.51337 l
80 1 0 1.51357 |
100 2 0 1.51507 |
1 1.51232 |
120 2 o 1.51425 |
1 1.51245 |
[
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Fig. 1. Process schematic diagram. Fig. 2. Loss measurement at 0.632% -m.
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Concentration Measurement and Control

One of the process parameters, the temperature, can be easily controlled to within £0.2°C
using a feedback coatrol system!® even at elevated temperatures {300-600°C) . To maintain
the concentration of the diffusing ion, first, it is necessary to measure its concentration
in the melt. The conventional methods to measure concentration, e.g., mass spectrometry,
atomic absorption, emission, and fluorescent spectrometry oOr nuclear activation, are not
suitable for application of feedback control of the concentration. On-line measurement of
the concentration is essential for making reproducible glass waveguides. Furthermore, since
the guides are fabricated by diffusjon at elevated temperatures, it appears that use of a
concentration cell is an ideal way to measure the concentration. In situ measurement of the
_concentration would make the compensation and control of the ionic content of the melt Tuch
sasier especially if the ions were released by electrolytic meanstO. ’

We experimented with different types of concentration cell and reported the results and
the final design of the celll? which is suitable for the glass waveguide ion-exchange

process application. Measurements of Ag+ ion concentration, released electrolytically, in a
molten NaNO; bath are illustrated using the cell.

Commercially available electrodes which are sensitive for selective ions unfortunately
operate at relatively low temperatures, typically in the 0-80°C range, and therefore are not
suitable for our applications. For molten salt applications, the emf generated by a voltaic
cell can be used to measure concentration. In principle, any spontaneous reduction-
oxidation (redox) reaction can be used to generate a cell potential and since this cell
potential depends on the substance that makes up the cell and their concentrations, the
measured voltage may be used to represent their concentration as lonj as the same substances
are present in both the anode and cathode compartments but at different concentrations.

The resultant voltaic cell illustrated in Fig. 3, which supports the reactions

anode: Ag(s) =« Ag+(cz) + e,

- - (1)
cathode: Ag (Cl) + e + Ag(s)

Aa+(cl) . Ag*(cz)

will generate a potential difference V, that depends on the ratio of the Ag+ concentrations
(cl/cz) and the temperature T. The Nernst potential difference of the celll3 is given Ly

-y
V =1.98 x 10 *'T log(cl/cz) (2)
If one of the concentrations, say ey (reference concentration), is known, the unknown salt

bath concentration €, can be determined by measuring the cell emf V with a high impedance
voltmeter.

Although the above argument seems reasonable, the electron released at the anode when a

Ag atom disassociates into solution as an Ag+ ion can move through the external circuit to
the cathode where it reduces another Ag+ ion; such a movement in reality indeed cannot
ocsur. The reasons this concentration cell is an incomplete voltaic cell is because, when a
Ag  ion is released into the solution at the anode with a simultaneous reduction at the

cathode, both of the half-cell become charged, immediately blocking any further movement of
the electron.

Therefore, we need a means that would allow the migration of

i ) the Ag+ ions from the bath
to the cathode regqgion in the bulb.

. . ' In other words, we need to physically distinguish the
two regions of different concentrations and yet simultancously permit the diffusion of ag*

fon to facilitate current flow and, hence, the redox reaction. Fortunately, in our case
the glass bulb itself acts as a good membrane. Inmanl!“ has reported the use of such a glas;
bulb containing the reference clectrode to form part of a concentration cell. The under-
lying idea is that Pyrex glass at e¢levated temperatures (330-370°C) can act as a resistive
ion bridge between the solutions because the sodium ions with a thin membrane (walls of the
glass bulb) have rather high mobility at these temperatures. Since there are no porea
present within the membrane, the two solutions are physically isolated.
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Glass Bulbs for Reference Electrodes

A Pyrex glass test tube ~6 mm i.d. with ~0.5 mn wall thickness is heataed with a torch and
blown at one end to form a glass bulb with a tubular stem. The glass bulb is nearly
spherical in shape with ~12 mm in diameter and ~0.1 mm wall thickness as shown in Fig. 4(a).

Agt_ Agt

i
Fig. 3. AgllAg+(NaN03)l|Ag cencentration cell.

Fig. 4. Large and small reference
electrode glass bulb.

A reference melt is produced by releasing 2.0 g of silver from a high purity (99.999%)
rod into a melt of 400 g WNaNO, by electrolysisi®; the reference melt concentration <y
approximately equals 3.94 x 10°3 "mole fraction (MF). The glass bulb is then filled to its
neck with ~3-4 g of the reference melt. High purity silver wires are also used as
cathode within the glass bulb as well as the anode jimmersed in the bath.

the
used to measure the silver-ion

The cell is then
concentration in the salt bath (Fig. 1). The Nernst
potential difference is measured with a 10 MR input impedance, digital voltmeter.

By electrolytically releasing known quantities of Aq+ ions in 400 g of HalNOoq, different
known concentration of Ag+' in NaNoO in the bath are prcpared; By measuring the cell
potential each time, we obtain the plot of cell emf V vs log(cl/cz) as shown in Fig. § The
solid line represents the theoretical cell potential as given by Eq. (2). As expected, both
curves V vs log(cl/cz) exhibit linear behavior. Both the experimental and theoretical lines
have nearly the same slope with the slope of experimental 1line slightly lower. The
temperature gradient in the bath

in the vertical direction amounts to almost 20°C. The
estimation of the bath temperature frona the measured value near the reference bulb is
susceptable to an error of a few degrees and may be responsible for the difference in the
slope. Moreover, when the two concentrations are equal,

we measure an asymmetry potential
of ~14 mV rather than 0 as predicted by Eq. (2).

Although temperature of the salt bath was maintained at a constant set temperature using
a feedback control arrangment!?, the temperature of the reference melt was considerably
lower (310°) due its large thermal capacity. In fact, the temperature of the bath had to be
~340°C before the salt in the reference bulb would completely melt implylng a temperature
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difference of ~30°C between the bath and reference cell. However, Eq. (2) assumes the same
temperature for both the electrodes. Now then, if ¢, = Cy = ¢, with both reference and bath
electrodes at different temperatures, namely, T) and T,. yields an assymmetry potential:

AV = 1.98 x 10 * AT log c, (3)

where AT = Tl - Tz. Since T2 is always larger than Tl‘ AT is negative. In our case, we

have AT =-30°C and ¢ = 3.94 x 10~? and obtain 4V = 14.28 mV which agreces very well with our
measured asymmetry potential when ¢y = Cy-

The basic problem of asymmetry potential and the temperature restriction primarily due to
temperature difference between the electrodes was solved by using a small reference cell
(Fig. 4(b}), which eliminates the requirement of large quantities of NaNO; and a separate

temperature controller. The cell can easily be fabricated as before but now using a Pasteur
pipette.

The solid circles in Fig. 6 represent the measured concentration cell potential at 350°C
and shows excellent agreement with Nernst Eq. {(2). Typically <5 mV changes in the measured
value occur depending upon the volume difference of the salt inside the reference cell or
the vertical positioning of either the silver wire within the cell or the entire cell
itself. In addition, it is extremely important to ensure that there are no air bubbles
within the reference bulb. When necessary precautions are taken, the experimental curve is
repeatable when using the sawme cell after repeated cleaning and filling with the same
standard solution. However, it seems that small variations in the absolute value of the
cell potential do take place depending upon the position of the reference bulb in the
bath. But once this is standardized, the mecasurements are repeatable within £2 mv.
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Fig. 5. Measured and calculated Nernst Fig. 6. Measured and calculated Nernst poten-
potential for large reference

tial for small reference electrode

electrode glass bulb at T = 340°C. glass bulb at T = 350°C.

To avoid the errors due to the sources mentioned above,
calibrated concentration cell for the measurcment, keeping the experimental conditions the

sane . In these conditions, such a cell can be used for in situ concentratiocn measurement
during the fabrication of ion-exchanged waveguides.

it is necessary to use a given
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Conclusions

: [ + + .
We have described a novel electrolytic release technique for fabricating Ag -Na ion-

exchanged optical waveguides and a AgllAg*(NaN03){(Aq concentration cell that can be used to
measure concentration of Ag’ ions in a molten NawOy bath duriny fabrication of tne ion-
exchanged waveguides. The process looks promising for making low loss, single mode compo-

‘nents. It also lends itself to computerized automation.

Since the silver ion generation

"and the temperature can be controlled electronically during the fabrication process, an on-

line computer can be used to supervise the process operation.
manually now,

The parameters which are set
can then be entered in the operating software of a microcomputer which will

execute the p' dgrammed sequence of operations to control the diffusion process.

The poésibliities of applying a drift electric field to enhance the diffusion and burying

the waveguides are also under investigation.
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An Improved Method for Fabricating lon-Exchanged
Waveguides Through Electrolytic Release of Silver lons

S. IRAJ NAJAFI, RAMU V. RAMASWAMY, SENIOR MEMBER. IEEE, AND RAJENDRA K. LAGU

Abstract—In this paper, an improved technique for electrolytic re-
lease of silver ions while fabricating Na"-Ag* exchanged giass wave-
guides is reported. In this method, a porous glass shetl such as fritted
glass is used around the cathode to prevent the reduction of the released
silver ions. The result of quantitative estimation of silver ion concen-
tration using atomic fluorescence spectroscopy, and sodium ion concen-
tration using atomic emission spectroscopy are also reported.

1. INTRODUCTION

LASS WAVEGUIDES are prime candidates for the

development of passive integrated optical compo-
nents such as access and star couplers., wavelength mutli-
plexers, demuitiplexers, interferometric couplers, and
wavefront sensors. Passive glass waveguide components
are attractive because they are compatible with opticat fi-
bers and potentially inexpensive. Since the passive glass
components cannot be tuned electrooptically, they must be
fabricated with assured reproducibility within specified
tolerances.

lon-exchange has proven to be the most popular tech-
nique used in the fabrication of glass waveguides. The
process involves the exchange of monovalent Na™ in the
glass with another ion of larger polarizability, e.g., Ag®
[1]. TI” [2]. and Cs~ [3]. We have recently described a
novel electrolytic release technique [4), [5) which has been
used to fabricate low-loss single-mode glass waveguides.
We have also reported use of a thin-walled glass bulb gal-
vanic concentration cell [6] for in siru measurement of Ag*
concentration in the molten salt bath.

In order to ensure reproducibility of the waveguide de-
vices, it is necessary to relate the device parameters to
process parameters and then to control the process param-
eters accurately. By precisely controlling the current
pumped through high-purity Ag and Pt electrodes. a high
degree of accuracy over the release of Ag* is achieved.
However. Ag™ concentration analysis performed on the
contents of the molten salt (Ag "/NaNO.) indicates that
due to the reduction of some of the silver at the cathode.
the silver jon concentration is smaller than that predicted
by Furaday’s Law. Before the concentration control can
etfectively be implemented. it is necessary that the silver
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ion concentration in the bath exhibit a direct correlatin
with the current during release. This means the reduction
of silver ions at the cathode should be avoided at all cost.
In this paper, we report an improved technique using a
fritted glass shell to surround the cathode which avoids
the reduction of silver ions. The results of the analysis in-
dicate that the fritted glass does indeed prevent silver ions
from reaching the Pt-cathode. The content of the fritted
glass and the Pt-cathode deposits as well as the molten salt
bath is analyzed using atomic fluorescence spectroscopy
(AFS) and atomic emission spectroscopy (AES). Possible
reaction mechanisms that expiain the results of the con-
centration analysis are outlined. Through this work, it is
shown that use of a porous glass shell such as a fritted
glass bulb prevents the reduction of Ag”, and is therefore
necessary for on-line concentration control during the fab-
rication of ion-exchanged glass waveguides.

II. ELecTrROLYTIC RELEASE TECHNIQUE

Fabrication of ion-exchanged waveguides using the
electrolytic release technique [4}, [5} accomplishes the
precise generation of very small quantities of the diffusing
ions into a molten salt bath with caretul control of both
the duration and the magnitude of the current pumped
through high-purity electrodes immersed in molten salt
bath. The idea is based on the well-known Faraday's Law
of Electrolysis: When 96500 C of charge are passed
through a metallic electrode, 1 gm equivalent of the metal
is released into the solution as metal ions. The number of
grams of the metal atoms (ions) released at the anode or
collected at the cathode can be expressed as

_ I
T FZ

I curreat through the circuit in amperes,

t time of release in seconds,

A atomic weight of the released atom,

F  Faraday's constant equal to 96 500 J/V mole ¢,
Z wvalenee of the atom.

The technique involves (Fig. 1) the fabrication of Ag~-
Na* exchanged glass waveguides in which the electrolytic
generation of the monovalent silver ions into a molten
NaNO; bath is accomplished using 99.999-percent pure
silver rod as the anode and a platinum wire as the cathode.
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Fig. 1. Process schematic diagram (without fritted glassi.

Flow of 100 mA of current for 15 min releases 0.1 gm of
silver ton in the salt bath.
The possible electrode reactions in this process are:
anode:

Ag = Ag” + e (1a)
4NO; — 2N.O + O, + de~ (1b)
cathode:
AgT + e — Ag (2a)
Na“ + ¢” — Na. Qb

At the anode, due to the fact the silver atom has higher
tendency to lose an electron than NOj , the likely reaction
is the oxidation of silver as given by (1a). Since Ag” isa
stronger reducing agent than Na™, the reaction given by
(2a) is more likely to take place at the cathode. However,
since the Na™ also reduces at the cathode, it appears that
some of the silver ions do remain in the salt bath. The
procedure previously described [4]. [5] utilizes only these
remaining silver ions for the Ag“*-Na™ exchange to form
optical waveguides in glass. Since we want a uniform Ag~
concentration throughout the bath, we must stir the solu-
tion when on-line control is needed. Therefore, in order
to obtain a correlation between the Ag” concentration in
the bath and the magnitude and time of current flow, it is
necessary to develop some means of preventing the reduc-
tion of silver ions at the cathode.

III. FRITTED GLASS BULB AROUND THE CATHODE

A solution to this problem is to surround the cathode
(Pt-wire} with a porous glass shell such as the fritted glass
bulb shown in Fig. 2. The fritted glass bulb is similar to
the immersion tubes titted with porous discs used to draw
off (or filter) supernatant from precipitates. Based on our
experience, the pore size must be 4-5.5 um to prevent any
significant amount of Ag’ from reaching the Pt wire.
During the release. a small deposit seems to collect on the
Pt-wire near the liquid surface. Na™ and Ag~ concentra-
tion analyses have been performed on the contents of the
fritted glass bulb, on the deposits of the Pt-wire, and on
the contents of the molten salt bath. The concentration
analysis described below indicates that the above men-
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Fig. 2. Elcctrolytic release of silver ions using fritted glass.

tioned pore size is sufficient to preveat any noticable
amount of Ag™ reaching the Pt-wire, thus, avoiding the
reduction of the released silver ions available for Ag"-Na ™
exchange.

A number of experiments using the improved technique
with tritted glass around the Pt-wire were performed in
which different quantities of Ag” were released into 400
gm of molten NaNO, by circulating 100 mA of current for
ditferent periods of time. The concemtation of Ag™ was
measured with the use of a concentration cell [6]. During
the release the bath was not stirred. Before each release,
the silver clectrode was weighed to ap accuracy of +1
mg. After the release. the electrode was weighed again
and the weight loss was recorded. Also.in each case, a
number of samples were taken from the bath and were ana-
lyzed by AFS [7]. The technique involves photon excita-
tion of atoms in the sample to produce excited atoms which
undergo radiation de-excitation and subsequent compari-
son with a known reference. To prepare the reference, 1.575
sm of AgNO; corresponding to 1.0 gm of Ag was mixed
into 400 gm of NaNO,; at 330 C. An aluminum rod was
dipped into the liquid coating the rod. After cooling, the
rod was scraped and the scrapings were weighed. Using
water as the solvent, several reference solutions were pre-
pared with concentration ranging from 1 to 10 ppm vol-
ume. About 10-20 cc of each was used for the flame ab-
sorption analysis and a calibration curve was obtained. A
sample of about 5-ppm volume of the bath was prepared
in cach case and both were analyzed using the atomic ab-
sorption method. By comparing the power output of the
sample in relation to that of the reference at a given wave-
length, concentration of the Ag ™ in the bath was evalu-
ated. The results are summarized in Table I The mea-
sured value of Ag” concentation from both the AFS and
the concentration cell measurement agree well with the
estimated value according to Faraday's Law. However,
there is some discrepancy between these results and the
measured weight loss. For small release time, this dis-
crepancy is small but with an increase in time. the differ-
ence 1n weight Am between the estimated weight loss and
the measured weight loss of the Ag-rod betore and after
the release (Fig. 3) seems to increase rapidly at first, but
begins to taper off indicating an oxidation process on the
rod which slows down with time.
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TABLE Illa
ANALYSIS OF FRITTED GLAass CONTENTS
23
3etore Release After Release
Total We. Added
Exp. Na Added
20
Nanuy a8 Nasuy + A A Ne
s | | (AFS) (AES)
£
€ 1.54 '
< 184 1 476 3 1.29 g 6.30 g 1.19 ag 1.79 g Toog 398
, |
1" s.22 4 1162 g 6.75 g 2.00mg | 1.95 g 6-:%'1‘” |
)
10 -
(AFS refers to atomic fluorescence spectroscopy and AES to atomic emis-
SI0n SPECIroscopy.
3
TATLE 'L
o _ ANALYSIS OF Pt-WIRE DFPOSITS (AFTER RELEASE)
o 30 L1 »0 120 150 _ A
Tiraimin} l I ‘
Fig. 3. Difference in the predicted and measured weight of s_il;;er rod Am [ €xp . v - m.:hu;’::m;m i
= i weight—measured weight.
after release. Am = predicted weig g ’ ars) sy 1 |
) ! | |
TABLE I [ 0.012 3 .68 [ 340 20 351 i
.01 68 a 4.0 3 -3
THE QUANTITY (% SILVER PRESENT IN THE MOLTEN BaTH ! ¢ < l é 3.
1 H |
Stiver Release (1 = 130 aA) Ag In the bath (232) ' 1 3.00) ag 5.63 ag ‘ 18.0 ag ;562 ca !
time ‘3tn) Prlzesed AR(3m) Ag-rod weight Concentration AFS l
calculated dtfference cell L { |
Note: AFS and AES refer to atomic Huorescence and emission spectros-
15 9.1 0.103 0.11 2.103 copy, respectively.
a5 0.3 0.296 0.32 0.3
- s - .50} . . H -
7 o 708 e o posits were dissolved separately in dilute HNO, and sam-
105 7 0.677 0.71 0.704 o . i , o
° ples of less than 10-ppm volume were prepared for anal-
3 . .87 . 0.917 . .
1 e o-s1e o9 ! ysis. These samples were analyzed by two chemical

Note: T = 330°C, without surring. (AFS refers to the atomic fluores-
cence spectroscopy method.)

TABLE 1
THE QUANTITY OF SILVER PRESENT IN THE MOLTEN BaTH

Stiver Release (I = 100 aA) AZ in the bath (ga)
tiae (min) Raleased Ag(ga) Ag-rod Wefght Concentration AFS
calculated difference cell

15 0.100 0.099 .11 2.099
43 0.300 0.295 0.31 0.29¢
7% 0.500 0.487 0.52 0.506
105 0.700 0.680 2.7t 0.595
135 9.900 7.87% 0.8 2.912

Note: T = 330°C, with surring. (AFS refers to atomic Huorescence
Spectroscopy.)

The above experiments are repeated: this time with the
bath being stirred while releasing silver ions. The results
are tabulated in Table II. The measured Ag” concentra-
tion in the bath is again in excellent agreement with the
quantity ot silver actually released. indicating that with the
presence of the fritted glass. reduction of Ag ~ at the cath-
ode has been avoided.

In order to compare this result and to further understand
the mechanisms of the process. samples were taken from
the contents of the fritted glass as well as the deposits on
the Pt-wire. The samples were prepared in the following
manner. The contents of the fritted glass and Pt-wire de-

methods. depending on the elements to be measured: AFS
for silver and AES for sodium {7]. The results. which are
tabulated in Table III indicate that in both cases (content
of fritted glass and Pt-wire deposits) the quantity of silver
is extremely small and the element which is reduced at the
Pt-wire is indeed sodium. Therefore, it is clear that the
current in this clectrolytic process with fritted glass is
maintained by the oxidation of silver at the anode and the
reduction of sodium at the cathode. As seen from Table
I, the ratio of the total weight (added to the content of
the fritted glass or deposited on the Pt-wire) to the weight
of sodium (added or deposited) is close to the ratio of the
molecular weight of NaNO, to the atomic weight of Na.
namely 3.7, which lcads us to the conciusion that both Na*
and NO; penetrate inside the porous tube and the silver
ions remain in the bath. It seems that this phenomenon is
possible due to the larger size and lower concentration of
the silver ions present in the bath compared to that of so-
dium ions. It should be pointed out that when larger size
porous glass (10 um) was tried. the contents of fritted glass
turned black. indicating that Ag ™ penetrated and reduced
at the cathode.

Since all of the Ag” ions refeased into the molten salt
bath with the use of fritted glass now remain in the bath,
it 1s expected that the fabricating single-mode planar
waveguides will now require less time.

To determine the eftect of the fritted glass on the wave-
guide parameters. a known amount of silver is released by
pumping a current of 100 mA through molten NaNO. at
330°C using the improved fritted glass scheme (Fig. 2)
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Note: Substrate retractive ndex s 1S12 at 06328 um. Salt bath 15 0 1-
gm Ag T d00-vm NaNO, at 330°C.

for known pericds of time. The precieaned glass slides are
then placed in the bath and tficld-assisted or nonfield-as-
sisted diffusion is carried out tor given periods of time.
Ficld-assisted waveguides are fabricated by depositing a
metallic electrode on the glass sample during the diftusion
process. We have prepared the electrode by a two-layer
evaporation of Cr (50 A) and Au (1000 A) on the sam-
ples. Table IV summarizes the number of TE (or TM)
modes and the TE mode indexes of the waveguides fab-
ricated using a concentration of 0.1-gm Ag/400-gm
NaNO,. Comparison with the results obtained without
using fritted glass [4]. [5] shows that as expected. the
mode indexes are higher and the time required to stay
within the single-mode regime is not as high as before for
the same magnitude of electrolytic release. Obviously, by
decreasing cither the current or the time. the situation can
be improved.

In conclusion, we have presented an improved tech-
nique tor a precise control of silver ion concentration while
fabricating Ag "-Na”~ exchanged glass waveguides. The
modified technique ensures that the released Ag ™ concen-
tration is the same as that in the bath. This is essential tor
monitoring and controlling the Ag™ concentration in the
bath by pumping appropriate amount of current in the ex-
ternal electrolytic circuit as needed. For a given glass sub-
strate of known composition. process control (Ag” con-
centration, diftusion time, and temperature) tacilitates the
fabrication of reproducible single and multimode wave-
guides.
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in situ measurement of ionic concentration during
fabrication of ion-exchanged waveguides

R. K. Lagu, S. I. Najafi, and V. Ramaswamy

In this paper we describe a concentration cell for the measurement of Ag* ion concentration useful for fabri-
cation of Ag* — Na* exchanged waveguides in glass. The scheme is adaptable to other ion exchanges as well.
High measurement accuracy (+2 mV) and assured repeatability are possible by standardizing the reference
electrode and experimental conditions. Use of such a cell with appropriate analog signal processing should
facilitate on-line concentration control by periodic pumping of the exchanging ion into the molten salt

bath.

. Introduction

Recently, glass waveguides have received consider-
able attention in the development of passive integrated
optical components such as star and access couplers,
channel dropping filters at the receiving end of an op-
tical communication system, and in certain specific
apolications such as wave front sensors and interferg-
metric couplers. Glass waveguides have formed the
basis for such components because of their low optical
propagation loss, compatibility with optical fibers (both
single and multimode), immunity to optical damage,
and potential cost-effectiveness under mass produc-
tion.

The ion-exchange technique has so far been the most
popular approach tor fabricating glass waveguides. The
technique involves the exchange of monovalent ions of
larger electronic polarizability such as potassium K+,1-
rubidium Rb*,* cesium Cs* 4 silver Ag*,15-10 or thal-
lium TI*,1112 with an ion of smaller polarizabitity such
as sodium Na* which usually is a component of the glass
matrix of soda-lime silicate (or borosilicate) glass. The
ion exchange creates an increase in the refractive index
thus forming a guiding layer at the surface of the glass
substrates. The guiding characteristics are determined
by the process parameters such as self- and interdiffu-
sion coefficients of these ions, temperature and con-
centration of the diffusing ions in the melt as well as
concentration of Na* in the substrate. As the passive
devices fabricated using these waveguides on glass

The authors are with University of Florida, Department of Elec-
trical ngineering, Gainesville, Florida 32611.
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substrates cannot be tuned electrooptically to com-
pensate for fabrication errors, precise fabrication to
strict specifications is necessary for assured repeat-
ability. In addition, an electric field is often applied to
enhance the thermal diffusion, primarily because the
binary exchange of Na* ion with a heavier ion such as
Ag* or Tl is relatively slow compared to the alkali ion
due to their lower mobility. However, the self-diffusion
coefficient of Na* is rather large compared with that of
the heavier ion and the application of an electric fielu
therefore depletes the Nat ions at the surface which
need to be compensated in order to control the index
profile. To ensure repeatability of the waveguide de-
vices, it is necessary to relate the device parameters to
process parameters and then control the process pa-
rameters accurately.

One of the process parameters, the temperature. can
be easily controlled to within £0.2°C using a feedback
control system,!® even at elevated temperatures
(300-600°C). To maintain the concentration of the
diffusing ion, first it is necessary to measure its con-
centration in the melt. The conventional methods to
measure concentration, e.g., mass spectrometry, atomic
absorption, emission, and fluorescent spectrometry or
nuclear activation, are not suitable for application of
feedback control of the concentration. On-line mea-
surement of the concentration is essential for making
reproducible glass waveguides. Furthermore, since the
guides are fgbricated by diffusion at elevated temper-
atures, it appears that use of a concentration cell is an
ideal way to measure the concentration. In situ mea-
surement of the concentration would make the com-
pensation and control of the ionic content of the melt
much easier especially if the ions were released by
electrolytic means.!?

In this paper we report the results of our experiments
with different types of concentration cell and the final

1 November 1984 / vol. 23, No. 21 / APPLIED OPTICS
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Fig. 1.

Aois) — Ag'(Cq) + o

Ag|lAg*t(NaNOu)||Ag concentration cell

design of the cell which is suitable for the glass wave-
guide ion-exchange process application. Measurements
of Ag* ion concentration, released electrolytically, in
a molten NaNO; bath are illustrated using the cell.

. Volitaic Cell as a Concentration Cell

Commercially available electrodes which are sensitive
tor selective ions unfortunately operate at relatively low
temperatures, typically in the 0-80°C range, and
therefore are not suitable for our applications. For
molten salt applications. the emf generated by a voltaic
cell can be used to measure concentration. In principle,
any spontaneous reduction—oxidation (redox) reaction
can be used to generate a cell potential and since this cell
potential depends on the substance that makes up the
cell and their concentrations, the measured voltage may
be used to represent their concentration as long as the
same substances are present in both the anode and
cathode compartments but at different concentra-
tions.

For illustrative purposes, let us consider a cathode
compartment consisting of a silver wire electrode and
a concentration ¢, of Ag* ions in molten NaNQ: and a
similar anode compartment, however. consisting of
lower concentration ¢. of Ag* ions in NaNQO,. Figure
1 shows such a concentration cell where the anode re-
gion is represented by the entire bath with the cathode
enclosed in a glass bulb.!*

At the anode where oxidation occurs

Agts) = Agtic) + o7, (h

If the cathode had been a hvdrogen electrode H. (1 atm)
and the cathode Ag||Ag¢*(1 M) in standard state con-
ditions in an agueous solution. the standard potential
would have been E°, = —0-8YV. However. since the
oxidation process at the anode is not oceurring in
standard state conditions (solutions at 1-M concen-
tration at 7' = 298 K) and the oxidation takes place in
molten NaNO ., the electrode potential can be repre-
se’ ted by the Nernst equation'

; APPLIED OPTICS Vol 23, No 21 1 November 1984
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T %

RT

E,=f, - v Intea, )
230RT

E:= K, — loglc,), (2h)

where E,, is the assumed electrode potential in molten
NaNQOy, R is the gas constant (8.317 J/K mole), T is
temperature in kelvin, and F is the Faraday constant
(96,500 J/V mole ¢~). Concentration of the bath ¢,
appears as logc, because when the concentration of the
Ag* ion (the product of the reaction) increases, the

electrode potential becomes less positive. Equation
(2b) can therefore be rewritten as
Eo=FE,; — 198 X 1073T logtca). 3

Similarly at the cathode where the reduction of Ag*
oceurs,

Agtley) + e -+ Agls). 4

The standard poteantial in an aqueous solution now is
ed = —E5, = +0.8 V. As before, for Ag* ions in our
case in nonstandard conditions in molten NaNQ,,

. . T .
E =—Eq4— log(l/ey), (5

where E .4 is the assumed electrode potential and is
equal in magnitude to E,,.

As the concentration ¢ of Ag* ions is increased. the
electrode becomes more positive and therefore ¢, ap-
pears in the denominator of the logarithmic function.
Thus, Eq. (5) with values of R and F substituted be-
comes

Ei= —Ereq 4 198 X 1077 logtey). 6

The resultant voltaic cell illustrated in Fig. 1, which
supports the reactions

anode: Agls) ~Agtlca) e,
cathode: Agticy) + 07 = Agls) (]
AL’,*((‘]] d r\g*(('g)

will generate a potential difference V', that depends on
the ratio of the Ag* concentrations (¢;/cs) and the
temperature T and equals the sum of Egs. (3) and (6).
Therefore, the Nernst potential difference of the cell is
given by

V=198 X 10747 logle /e 18)

If one of the concentrations, sav ¢ (reference concen-
tration), is known, the unknown salt bath concentration
¢»can be determined by measuring the cell emf V' with
a high impedance voltmeter.

Although the above argument seems reasonable, the
electron released at the anode when a Ag atom disas-
sociates into solution as an Ag* ion can move through the
external circuit to the cathode where it reduces another
Ag* ion: such a movement in reality indeed cannot
occur. The reason this concentration cell is an incom-
plete voltaic cell is becuase, when a Ag* jon is released
into the solution at the anode with a simultaneous re-
duction at the cathode. hoth ot the half-cells become




charged, immediately blocking any further movement
of the electron.

Therefore, we need a means that would allow the
migration of the Ag* ions from the bath to the cathode
region in the bulb. In other words, we need to physi-
cally distinguish the two regions of different concen-
trations and yet simultaneously permit the diffusion of
Ag* ion to facilitate current flow and, hence, the redox
reaction. Concentration cells using fritted glass!® in
place of the glass bulb or glass tubes with asbestos fi-
bers16 as well as tubes with loosely plugged glass wool
have been reported. Our experience with such schemes
similar to the conventional salt bridge using porous or
semipermeable membranes is that, within a reasonable
time period (of the order of an hour or so), complete
mixing between the separated solutions occurs. In
addition, an unpredictable liquid junction with an un-
known potential exists across tlic mcmbrane. Fur-
thermore, the cell potential, while the solutions tend
toward dynamics equilibrium, continues to decrease
with time and, therefore, the measurements are not
reliable.

Fortunately, in our case, the glass bulb itself acts as
a good membrane. Inman'® has reported the use of
such a glass bulb containing the reference electrode to
form part of a concentration cell. The underlying idea
is that Pyrex glass at elevated temperatures (330-
370°C) cau act as a resistive ion bridge between the
solutions because the sodium ions with a thin membrane
{walls of the glass bulb) have rather high mobility at
these temperatures. Since there are no pores present
within the membrane, the two solutions are physically
isolated.

.  Reference Electrode in a Large Glass Cell

A Pyrex glass test tube ~6-mm i.d. with ~0.5-mm
wall thickness is heated with a torch and blown at one
end to form a glass bulb with a tubular stem. The glass
bulb is nearly spherical in shape with ~12 mm in di-
ameter and ~0.1-mm wall thickness as shown in Fig.
2(a).

A reference melt is produced by releasing 2.0 g of

silver from a high purity (99.999%) rod into a melt of
400-g NaNO, by electrolysis!”; the reference melt con-
centration ¢; approximately equals 3.94 X 10~% mole
fraction (MF). The glass bulb is then filled to its neck
with ~3-4 g of the reference melt. High purity silver
wires are also used as the cathode within the glass bulb
as well as the anode immersed in the hath. The cell is
then used to measure the silver-ion concentration in the
salt bath (Fig. 1). The Nernst potential difference is
measured with a 10-M{ input impedance. digital volt-
meter.

By electrolytically releasing known quantities of Ag*
ions in 400 g of NaNOQ,, different known concentrations
of Ag* in NaNO; in the bath are prepared. By mea-
suring the ceil potential each time. we obtain the plot
of cell emf V vs log(c,/cy) as shown in Fig. 3. The solid
line represents the theoretical cell potential as given by
Eq. (8). As expected, both curves V vs log(c,/c.) ex-
hibit linear behavior. Both the experimental and the-
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Fig. 2. Large and small reference electrode glass bulbs.

oretical lines have nearly the same slope with the slope
of the experimental line slightly lower. The tempera-
ture gradient in the bath in the vertical direction
amounts to almost 20°C. The estimation of the bath
temperature from the measured value near the refer-
ence bulb is susceptible to an error of a few degrees and
may be responsible for the difference in the slope.
Moreover, when the two concentrations are equal. we
measure an asvmmetry potential of ~14 mV rather than
0 as predicted by Eq. (8).

Inman!® attributes the asymmetry potential to a
difference of sodium-ion concentration in the glass be-
tween the inside and outside of the bulb which occurs
during the blowing. Although this may occur. we be-
lieve it is highly unlikely: our careful experimentation
has led us to a different conclusion. Note the temper-
ature at which the measurements in this experiment
were made, namely, 340°. However, NaNQ; melts at
308°C. Although temperature of the salt bath was
maintained at a constant set temperature using a
feedback control arrangement,!” the temperature of the
reference melt was considerably lower (310°) due to its
large thermal capacity. In fact, the temperature of the
bath had to be ~340°C before the salt in the reterence
bulb would completely melt implving a temperature
difference of ~30°C between the bath and reterence cell.
However, Eq. (8) assumes the same temperature for
both the electrodes. Now then. if ¢| = ¢» = ¢, with hoth
reference and bath electrodes at different temperatures.
namely. T and T, respectively, use of Eqs. (3) and (6
vields an asyvmmetry potential:

AV = LY8 X 1074AT loge. (R
where AT = T, — T'.. Since T is alwavs larger than
T1. AT is negative. Inour case. we have AT = —30°C
and ¢ = 3.94 X 107" and obtain AV = 14.28 mV which
agrees very well with our measured asvmmetry potential
when ¢ = ¢..

The corrected Nernst equation, when ¢, = ¢, is
therefore

AV = D98 < 1070 T Hopey = T loge o, i

which is plotted as a dashed line in Fig. 3. The excellent

1 November 1984 / Vol. 23, No. 21 / APPLIED OPTICS




r T T T T T T
j
Theory; Nernst pot. £q.8
'
. & 3 Mecs. Large Cell
- - - _Corrected Nernst pot. Eq.10
150 ~ 4
> /
E i
> o
> . y
100 | ' / g
P
| g E
9
/
7
o
R
7
/o /
o s
50+ 4 / B
LS
/
4 S =340°¢
/
-3
s/ €y = 3.94x10" mf
,/’
r/
o 1 1 4 4 A — i J
[ 0.2 0.4 0.4 os 10 12 1.4
<
Log —
€2
Fig. 3. Measured and calculated Nernst potential for large reterence

electrode glass bulb at 77 = 340°C.

agreement indicates the asvmmetry is indeed due to
temperature difference between the electrodes.

From the above discussion it is clear that, at tem-
peratures below ~350°C, measurements are not
meaningtul as the salt inside the reference cell freezes
around the Ag electrode. Thus, this tvpe ot cell would
not permit fabrication of our ion-exchanged waveguides
at lower temperatures. The asvmmetric potential,
because of its temperature dependence, would require
temperature-dependent compensation of the analog
signal when using signal processing means to maintain
the concentration.

IV. Moditied Reference Electrode Cell

The basic problem of asymmetry potential and the
temperature restriction primarily due to temperature
difference between the electrodes can be solved. for
example, by heating the upper part of the reference cell
independently to compensate for the heat loss. This
would require two temperature controllers and a priori
knowledge of AT for each concentration cell.  Another
possibility s to increase the thermal mass, Le., the
amount of NaNO. in the salt bath, and immerse the cell
deeper to ensure that the reference electrode temper-
ature approaches that of the bath.  This would require
large amounts of NaNO . which becomes expensive,
plus a more elaborate high powered temperature con-

APPLIED OPTICS Vol 23 No 21 ' 1 November 1984

troller to maintain the bath temperature would be re-
quired.

An alternative arrangement is to use a smaller ref-
erence bulb as shown in Fig. 2(b). Use of such a small
reference cell eliminates the requirement of large
quantities of NaNQOj and a separate temperature con-
troller. The cell can easily be fabricated as before but
now using a Pasteur pipette.

The solid circles in Figs. 4(a) and (b} and 5 represent
the measured concentration cell potential at the three
different temperatures, namelyv, 325°C, 350°C. and
360°C, respectively. The small amount of asvmmetry
potential at all the above temperatures can be due to a
difference in temperatures of only a few degrees centi-
grade between the bath and the reterence cell. In fact.
the discrepancy of a tew millivolts is within the mea-
surement error. Typically <5 mV changes in the
measured value happen depending on the volume dit-
ference of the salt inside the reference cell or the vertical
positioning of either the silver wire within the cell or the
entire cell itself.

Figure 5 shows the results for various tvpes of cell
measured at 360°C.  As before. the large cell exhibited
the highest asvmmetry potential. Three different tvpes
of smaller version cell were also used. The ® marked
data point indicates that the concentration ¢, of Ag*
ions in the reference cell is less than that of the bath
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Fig. 5. Concentration cell performance between large and smail

reference electrode bulbs at 360°C. © points indicate small bulb

potential measurements; but a fairly large air bubble present within

the neck at the small reference bulb gives a large zero crossover point
(cy/ey = 0.7).

since at the origin, the v intercept is negative. A very
small air bubble in the reference cell can cause this. A
very large air bubble trapped within the constriction of
a small bulb results (® points) in zero cell potential for
log(cy/cy) = 0.7.

Therefore, it is extremely important to ensure that
there are no air bubbles within the reference bulb.
When necessary precautions are taken, the experi-
mental curve is repeatable when using the same cell
after repeated cleaning and filling with the same stan-
dard solution. However, it seems that small variations
in the absolute value of the cell potential do take place
depending on the position of the reference bulb in the
bath. But once again when this is standardized, the
measurements are repeatable within £2 mV.

To avoid the errors due to the sources mentioned
above it is necessary to use a given calibrated concen-
tration cell for the measurement, keeping the experi-
mental conditions the same. In these conditions, such
a cell can be used for in situ concentration measurement
during the fabrication of ion-exchanged waveguides.

V. Conclusions

We have described a Ag||Ag*(NaNO.}||Ag concen-
tration cell that can be used to measure concentration
of Ag* ions in a molten NaNO; bath during fabrication
of Ag* — Nat ion-exchanged waveguides. By suitable
selection of the electrodes, the ditffusant ion, and the
electrolyte, the scheme can be adapted to other ion ex-
changes used in optical waveguide fabrications. The

APPLIED OPTICS / Vol. 23, No. 21 / 1 November 1984

measurements are quite repeatable as long as a small
reference electrode glass bulb is used and experimental
conditions are standardized. The error in our experi-
ments is £2mV. Thus, it will help to have a large ¢, /¢
ratio by choosing a relatively large reterence-ion con-
centration compared to that of the bath. In these
conditions we can maintain the bath-ion concentration
by use of appropriate analog antilog amplifiers and
other necessary process controls. On-line concentration
control should be possible by periodic pumping of ions
into the bath. This would permit fabrication of ion-
exchanged glass waveguides repeatedly with the same
characteristics. We are presently working toward
meeting this objective.
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Diffusion studies and modal behavior of Ag'-Na®
waveguides in glass supstrata dre presented. In addition, a swnple SEM
technique to determine tne refractive index profile and the realization of

symnetrical ouried waveguides with fiper-like refractive index crofile are
also reported.

exchanged planar

1. Introduction
lon-exchanged qlass waveguides have received considerable attention
recently and they are expected to form the basis for passive

integrated
optical components.

ion-exchanged waveguides. Recent electrolytic release technique (1] and the
improved method (2] wusing fritted glass bulo around the cathode provide

opportunities for faorication of passive waveguide devices with repeatable

characteristics. This is quitz important because glass waveguide devices

being passive, cannot be tuned electro-optically to conpensate for fabrication
errors.

The guiding characteristic ©f a planar waveguide depends on the device
parameters such as maxiiwn index change, index profile, effective guide depth,
which in turn depend on the process paraneters like the diffusion temperature,

time and silver ion concentratica in the bath.

To design a waveguide support-
ing

specific nunoer of wmodes with desired propagation constants, it is
necessary to deternine relations oetween process and device parameters. In
this paper, we present an espirical relation oetween process and device para-
meters, We also present a procedure for fabricating symmetrical buried

waveguides which are coaparadle in shape and size to the core of single mode

fibers. A precise techaique to characterize these waveguides using back-

scattered electrons in SEM is also reported.

2. Planar Surface Wavequide Diffusion Characteristics

The Ag*-Na® ion-exchanged waveguides are fabricated in a moltan NaNO,

bath with small concentration of silver ions. The bath can be considered to
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be an infinite source of silver ions as the number of ions diffusing into the
glass sample ig very small ccmpared ta that of the ions present in the bath.
Under these conditions, the diffusion equation has a closed forn anajytical

solution, namely the ccmplementary error function.

Planar wavequides fabri-

cated in this nanner, therefore, exhioit a complementary error function index

profile. The p-v characteristics for this hignly asyametric profile have peen
determined oy solving the nornaiized .ode dispersion equation [3] and tne cut-

of f values for the V parameter for the first three modes are found to ve 2.7,
6.3 and 9.9.

The V paraneter is defined as

<

Vo214
A

/Lﬂb AN

where » is the wavelength of operation, 4 is the effective wavequide depth
measured between values at 0.1358 of peak refractive index at the surface, and
is given by d = 2/D¥ wnere t is the time of diffusion and D is the diffusion

coefficient, n is bylk refractive index, and an is the maximum refractive
index change which depends on the concentration of silver ions Cy-

We faoricated several

sets of single and multimode waveguides using

Labmate microscope slides for different value of CO and measured the propa-

~.gation constants of the modes they suported.

ysing an iterative comnputer

program, the data was fitted into the o-V characteristics of the erfc profile

to estimate an and d.

Using these results, the value of D was estimated and

the relation petween an and C0 plottad as shown in figure 1. It was noted the

diffusion coefficient D did not

vary

much with differant orands (e.g.,

Corning, Schott and Lasnate) of glass substrates.

Puwtecs Wans Chasge S

For smali Gy an versus Cy is essentially linear. For guides with small
number of modes, the relationsnip betwecen an and C0 can therefore be approxi-

0.04

003

[ 2 1}

-J Figure 1. Relation between sur-

face index change an and Ag* con-

e 10 18 32 X}

Ag® otar Concontrpiron Ca (n 107)
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mnated as

AR = 26.5 C0

C0 is the mole fraction of silver tons in batnh.
Using apbove empirical relations oetween the device (d, n, an) and the
process parameters (Cy, D, t), we can approximate the V parameter as

V= 63.85 L.t
for x = 0.6328 ym, ny = 1.512 and D = 0.129 wa’/min.

Using cut-off values for V parameters for various modes, the design
curves are plotted in t-Cy plane as shown in figure 2.

100

4 woDES

3 Moots

3 MODOLS

DIFFUSION TIME IN MINUTES

20

\ ) - figure 2. Design curves for var-
° 1.0 ) ) ic 6.0 ious modes (A =0.6328 um)
Ag® MOLAR CONCENTRATION C, (x 1079

3. Wavegquide (haracterization

The technique frequently used for measuring silver i{on concentration
seems to be Electron Microprobe Analysis, also referred to as Electron
Microprobe {4]. The equipment needed for this technique is quite expensive
and is not availaole at our university. We have investigated a technique
using a Scanming Elestron Microscope to find the silver ion concentration
profile. 1In an SEM, the specimen is pbonoarded by an accelerated electron oeam
with an accelerating voltage in the range of 20-50 Kv. The specimen generates
two types of electrons, namely, the secondary electrons and the back-scattered
electrons. The pack-scattered electrons wnich have nigher energies carry the
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(c) (d)

Figure 3. a) Irdex profile of a planar waveguide fabricated in the first
step by field-assisted diffusion of silver 1ons. b) Second field-assisted
diffusicn in pure NalO, results 1n a buried skewed index profile. ¢) Incex
profile of a planar wavecuide fabricated in the first step by diffusion
without acplied electric field. d) Symmetrical index profile of a buried
waveguide results of seccnd field-assisted diffusion in pure Hal03.

information aooul specicen composition. Sinca the atonic weignt of silver is

much higner than that of the rest of the ions in tne glass suostrate, the

contripution of silver ions in the guide region to the yield of pack-scattared

electrons is maximum. Thus, if the saaple is polished across the edge of the

waveguide and scanned in the SiM, the back-scattared electron intensity pro-

file gives a good estimata of the silver ion concentration profile., Since the

refractive index change is directly proportionil to silver ion concentration,

it also gives a good estinata of tne index profile. The silver ion concentra-

tion profiles measured using this technique are shown in figures 3(a) through
3(d). It can de seen that this m2thod has a good signal
high resolution.

to noise ratio and
The big dip seen in the signal comes from a Yayer of epoxy

used while po\isning the wavejurde. The epoxy is applied on the surface of
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the guida and another glass slide is stuck to it vefore polishing so as to
avoid the rounding at the edge of the waveguide.

4. Planar Buried «avequide Fabrication

A two step diffusion process utilizing field-assisted diffusion is used

in glass to form bduried waveguides [5]. In this process, soda-lime-silicate

glass slides are innersed in nolten sodium nitrate where silver ions are also

present. Initially, a surface waveguide is formed by a field-assisted dif-

fusion of silver ions in glass. This is follcwed by a second field assisted

diffusion, however in pure sodium nitrate. The diffusion time and applied

field in each of the two Steps are two inportant paraneters which control the
dimensions and index profile of a ouried waveguide.

In the existing process, applied fiald in tne range of 6U-1U0 volts/ma is

This results in a step-like wavequide (figure 3(al), which when buried,
gives a skewed index profile (figure 3(o0)).

used.

These results agree with the
skewed profiles of buried waveguides already reported in literature (S].

We nave experimentally determined that if no field is applied in the
first step, as expected, a surface waveguide with complementary error function

profile is formed (figure 3(c)) which, when sunjected to a field-assisted

diffusion in pure sodium nitrate, results in a symmetrical structure with near
paraocolic index profile as shown in figure 3(d).

To obtain waveguides with
various widths,

surface wavequides wera formed without drift field for 40

minutes using the electrolytic process [2). The tine of second diffusion was

varied between 20 to 30 ninutes using an electric field of 30 volts/mmn. The

resulting waveguides wer2 polisned and analyzed using a Scanning Electron
Microscope (STM) to jet the estimate of their widths. Figure 4 shows a plot
of wavejuide widin W (measured detween 953 peak values) versus the second step

diffusion tise indicating that symnetrical opuried wavequides of aroitrary
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widtn in the ranga of 5-16 yuns can easily be achieved and that diffusion depth
exhipits the expected /T dependence.

5. Conclusion

Design curves wnich can de used to determine the concentration of silver

fons and the time of diffusion required for a planar wavegquide of given width,

number of modas, and surface index change are reported. A simple, new tech-

nique which uses the back-scattered electrons in an SEM to determine the

refractive index profile and wavejuide width of glass waveguides is also

described. In addition, we have presented a procedure for fatricating buried

glass wavequides with fiber-like index profile of varying widths.
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Introduction

In a conventional optical system, the index of refraction of each optical
component {s homogeneous. To achieve desired operating characteristics, take
for example a lens, usually several parameters like the curvature, the thick-~
ness, and the index of refraction are varied. In many other systeams, often
these paraneters are used to optimize the performance of a device under

consideration. However, gradient-index techniquezs have proven to be useful in
the design of iziaging systems (1] and guided wave optical components. For
exaaple,

axial and radial gradients have been used to correct distortion and
chromatic aberration in lenses ({2]. In addition to the fabrication overlay
leases {2]) for spectrum analyzer applications, gradient-index optical devices
have been used in the design of wmultiplexers {[4] for comaunication system
applications. In addition, graded index waveguides have also found numerous
applicacions in passive and active optical system components. In particular,
passive, single mode, glass waveguides, compatible with single mode optical
fibers, are expected to play a major role at the receiving end of an optical
coamunication system.

Several techniques, e.g. chemical vapor deposition, polymerization, ilon-
diffusfon and etc. have been employed to obtain refractive index changes both
in glass and plastics. Of all the techniques, lon-exchange or fon-indiffusion
{s the most popular approach {n fabricating gradient-index components in
glass. At University of Florida our emphasis has been on gradient-{adex
optical waveguides for passive integrated optical components.

A variety of monovalent ions e.g., T&V, K+, cst and Ag+ have been used to
fabricate optical components (waveguides) by several groups around the
world. Our cholce of Ag+ was dictated by the fact that not only pure
(99.9997) silver electrodes are readily avallable for electrolytic release
[5}, but a heavy element like silver {is easily amenable to SEM analysis for
index-profile measuremeant {6}. Besides, the in-situ measurement of Ag
concentration (7] allows the replenishment of Ag+ as needed. Although such a
scheme facilitates precise control of the fabrication parameters, fundamental
understanding of the diffusion process and its relationship to modal charac-
terization {s essential for the design and fabrication of both the gradient-
fndex and passive optical components, with assured repeatability.

In this paper, we present a detafled study of diffusion of silver ions
into the glass substrate for design of a planar waveguide with destred
parameters, with specific emphasis on the {nfluence of diffusfon time,
eleceric fleld and concentration of silver i{ons on the waveguide parameters.

Buried wavguides with nearly symmetric prof{le have been fabricated by a
two-step diffusion process appropriately assisted bz the application of an
electric fleld at each step. Assuming that Ag concentration profile
corresponds to the index profile, calculation of modal field profiles indicate
that the results are {n reasonable agreement with the predicted fleld profile.
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12.2

Diffusion Process

The favbrication of graded-index glass waveguides is accomplished by {n-
diffusion of Ag" tnto the glass substrate at elevated temperatures in a molten
NaNO, bath that contains Ag' {ons. The refractive 1{ndex profile can be
tallored to desired specifications by varying the different process parameters
in a two~step process ([8}. In particular, the parameters that control the
buried waveguide properties in the two-step diffusion process are

£ E1 = Tine of diffusion and applied field in the first step (NaNO, + Ag+)’
tas E, = Tioe of diffusion and applied fleld in second step (pure Haﬂoj),

C6 = S{lver {on concentration in the bath,

T

= Fabrication temperature = 330°C.

The presence of an applied electric field during the diffusion causes the
silver ions to move deeper {inside the glass substrarte [8-10].
equals zero in the second step, an out-diffusion of silver fons appears to
occur from the cover-surface of the guiding film. The buried single node
waveguides thus fabricated showed the expected ([8,10] skewed iandex profile
civii, rlse (o modal field distribution which {s not necessarily optimum for
maximum power coupling into a single wmode fiber.

In an attempt to acquire a better control of the process parameters and
understand thelr influence on the waveguide characteristics, we have {nvesti-
gated the two-step diffusion process using the electrolytic release techniqgue
{6] in detail. To begin with, we studied the first step process in detail.
For swmall concentration of Ag*, with E1 = 0, the concentration protile is

Moreover, if C

X

j Q)
2Dt

where D 1is the self-diffusion coefficient of Ag+ in glass.
diffusion depth W, 1s specified at x = 2/Dt, at which poiat ecrfc (1) =
0.157. From the diffusion depth Wy, obtained for bath concentrations of the
order of = 10 ° MF or greater, we obtain a value of D = 0.28

in-diffusion into glass substrate. For coacentrations C, < 107

, O appears to
decrease monotonlcally with CO' This Dbehavior {s presently being
investigated.

C{x,t) = Cy erfe|

The effective

- +
a”/aia for Ag

Since we are ultimately interested In comparing the diffusion depth W as
a function of the parameters of the two-step diffusion process, we define W to
represent the distance between the l/e points on the SEM profile photograph.
It can be easily shown that W = 0.64 W,. Fig. 1 shows the expected square-
root dependence of W on diffusion time t for two different values of C,.
large values of Cn (2 10 7), using the above value for D, we estimate the
slope of W vs. YT,, be 0.68, which agrees well with the fitted value of 0.72
shown {in Fig. 1. As stated %reviously, this value oconotonically degreases
with decreasing Cy (Cqy < 1077) and for Co = 2x 107", D ~0.1% m /aotn.
Although we used labmate slides, D did not vary a great deal with different
laboratory glass slide substrate.. Dependence of W on C, indicates a similar
behavior and is not expected on the basis of theoretical analysis [10].

With an applied fleld {n the first step,
described by (l1],

For

the concentration profile {s

c Ewx
0 D x 4+ Eut x = Fut
C(x,t) = = (e erfc{———] + erfe[—T+)} €
2 2/5¢0 2/b¢
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which reduces for large values of Eut, specitically for Eut 2 5/Dt, to

C
C(x,t) = 2—0 erfc(x"éit_]

. 3)
2/Bt

SEM experimental results confira the above proflles and furthermore, the
results indicate that for fields larger than 20 V/za, Eq. 3 {s a pood approxi-
mation. When C/C0 = 1/2, the effective depth of diffusion W for which
erfc = 1, 1is given by Eut + 2/Dt. For large flelds, GZut >> 2/Dt and
therefore, W approximately equals Eut in this case. For Ag+ diffusion {in
glass during the first step, at, a field of E, = 30 V/mm for £, = 45 oin.,
was deternined to be 15.55 im”/V-min. Fig. 2 shows the expected linear
relationship betwzen the measured values of W from SEM measurements and the
time of diffusion t,.

However, to obtain a burled symmetrical profile, {t s necessary to
utilize a two-step process where the second step diffusion {s carried out in
pure KdNO.}. The dependence of the diffusion depth on different fabrication
parameters Iin the two-step process have been studied in detatil. The buried

depth of the final waveguide can be altered by judicious choice of the two-

step process paraaeters viz t,, EI' t, and EZ' Fiz. 3 shows a SEM photograph

of two such profiles with the surfaces of the waveguiding films placed agalast
each other. Diffusion was carried out with C, = 2 x 10°° MF and T = 330°C.
The 1index profile on the ri{ght in Fig. 3 shows the effect of a non-zero
electric field in the first step keeping all other parameters the same in the
two runs. The presence of E, causes higher peak index and larger diffusion
depth. The latter effect 1is rather obvious since the applied electric field
{ncreases the penetration depth of Ag+ ions. However, the large peak index {is
caused by the particular experinmental contiguratfon used in the first step
which allows the concentration C, near the substrate to increase locally due
to che electric field and can nearly be eliminated {f required by adjusting
the position of the anode.

Dependence of W on t, in the two-step process indicates that W increases
with t, in a similar fash{on, for different values of CQ and E,. However, for
a given C, and Ty increasing E, increases the width

W lineatly. These and
other diffusion characteristics will be discussed in detail.

Field Profile Determination

The intensity profile of the waveguide was wmeasured by using a video
camera In conjunction with an oscilloscope. The waveguide was excited using a
prisw coupler and the output pattern focused on the camera. The frame and
line pulses from the video signal were used to tripger the oscilloscope and to
select a particular line for the display of the video signal as vertical
output. The horizontal scale of the oscilloscope was carefully calibrated to
give the mode intensity profile directly on the screen.

Inserts {n Fig. 4 shows photographs of the

higher order mode of a planar glass waveguide fabricated with one-step
diffusion (Ey = E, = t, = 0).

2 For this waveguide with erfc complimentary
{ndex profile, V = 7.804 and only two modes ar. guided. Numerical solutions
for highly asymmetrical waveguldes {12] were uscd to calculate the modal
profile. The experimental results agree fairly well (Fig. 4) with the
predicted profile and will be discussed in detail.

fundamental and the next
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Planar, Buried, Ion-Exchanged Glass Waveguides:
Diffusion Characteristics

RAMU V. RAMASWAMY,. SENIOR MEMBER, IEEE, AND S. IRAJ NAJAFI

\bstract—A detailed theoretical and experimental study of Ag’-Na*®
. .hange in soda-lime silicate glasses in @ moiten bath containing a
wture of NaNO, and Ag° is presented. With no applied field. con-
Aration profiles Clv. 1) tand therefore, the index profiles for low con-
drations) are given by complemesntary error function. The esti-
ied value for the self-diffusion coefficient D of Ag” is 0.133 um*/min
- low concentrations and it monotonically increases with the surface
iwcentration C, until it saturates at about 0.3 pm’/min for C, = 107*
<. However, square root dependence of ditfusion depth with time
ms (o he independent of the C,.
Presence of an external field £ causes the effective depth of diffusion
increase. In fact, for larpe £ fields. the profile can accurately be
«cribed by C/Cy, = tecfcta’ — r) where r = p£1/V2D1 where u is the
sic mobility of Ag® in glass. We define a new diffusion depth W as
- distance from the surface to the t/¢ concentration point. and for
‘ge fields, W varies linearly with £ and r. Experimental results yielded
alue of 153,53 um*/V - min for u. As before, square root dependence
W with ¢ and the linear variation of # versus C, for C, < 107" MF,
th W saturating for C, > 107 ' MF, wer: observed in the case of field
~isted diffusion.
A two-step process, where a surface waveguide formed in the frst
p with cither £ equal to zero or some linite value, is moditied by
rforming a second diffusion in pure sodium nitrate to produce a bur-
A, symmerrical fiber-like profile. This process is also studied in detail.

[. INTRODUCTION

) ECENTLY, glass waveguides have received consid-
“L\erable attention because of their compatibility with
angle- and multimode optical fibers. They are expected
0 form the basis for passive integrated optical compo-
nents. not only in the receiving end of an optical com-
munication system. but also in hybrnid (optical and clec-
tronic) systems as well as in other special applications.
The ion-exchange technique seems to be the most com-
mon approach for fabricating grad-d-index waveguides in
elass {1}-[8].

Recent ctforts {6} in the fabrication cf ion-exchanged
waveguides have resulted in the improved clectrolytic re-
lease technique (9], This technique provides opportunities
to contri the 1on concentration [ 10] during diffusion. thus
permitting fabrication of passive glass waveguides with
assured repeatability [11]. Precise control of concentra-
tion profile is quite important because glass waveguide
components. unlike their counterpart in Ti-ditfused
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LiNbO; waveguides. cannot be tuned electrooptically to
compensate for fabrication errors. Typical Ti: LiNbO;,
single-mode waveguides are about 2 um deep, with the
peak of their refractive index located at or very near the
surface. Ti:LiNbQO; channel waveguides of small strip
widths with such shallow diffusion depths couple rather
poorly to single-mode optical fibers because of significant
modal mismatch. Moreover, the coupling loss increases
with decreasing guide widths [12]. On the other hand. a
two-step diffusion process {13] allows the ~c{ractive index
to be adjusted in the depth direction. thus permitting the
realization of buried. symmetrical waveguides with tiber-
like refractive index profile.

In this paper, an ion-exchanged process in glass is de-
scribed involving the cation Ag”. Section Il presents a
simple analysis of the single-step Ag”-Na” ion-exchange
process with and without the presence of an applied elec-
tric field used to enhance the diffusion. Section I pre-
sents a detailed experimental study of both the single-step
and the two-step diffusion process and the associated pa-
rameters that conrrol the refractive index protile and the
dimensions of the buried waveguide. In addition, a back-
scattered scanning electron microscope (SEM) technique
[13] to measure the depth of diffusion and its dependence
on the applied field. the time of diffusion in each step,
and the concentration of silver ions in the bath is dis-
cussed in detail. Besides providing a better understanding
of the Ag"-Na~ interdiffusion phenomenon which is ap-
plicable to similar ion exchanges, the results are usetul in
the design of single- and multimode waveguides using the
process.

IT. THEORETICAL AMALYSIS

A Imerdiffusion Model

Optical waveguides in glass substrates are often tabri-
cated by creating a laver of higher refractive index on the
surface of the substrates. This can be accomplished by the
diffusion of monovalent atoms of higher polarizability,
c.g., cesium [1], rubidium {1]. potassium (2}, silver [3]-
[6]. and thallium [7]. [8]. Although the dittusion of one
of the above tonic spectes into an isotropic, homogeneous
medium such as glass could conccivably create the req-
uisite increase in retractive index, it is widely believed
that ions of higher polarizability actually exchange [1]-
{8] with those already present in the glass, thus preserving
charee neutrulity. Glass constituents consist of formers,

986 IEEE
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intermediates, and glass modifiers; specifically, the alkali
ions of the network modifier (e.g., Na™) are believed to
exchange with the external ions (e.g.. Ag ™) diffusing into
the glass, thus preserving the structural integrity of the
glass substrates.

The tonic mobility of the indigenous species is usually
differ. nt from that of the incoming species. Unequal
transport propertics of these ions will in turn create a lo-
calized tmbalance in the charge distribution in the glass.
thus giving rise to a potential difference. The induced tield
will assist the movement of the slower ions while imped-
ing the progress of the faster ions. This in turn will bal-
ance the interdiffusion of the ions by making their flow
rate equal and thereby maintaining the charge neutrality.

If ion exchange indeed occurs between an incoming ca-
tion A and an indigenous cation B, the process is often
described by writing for each species the Fick's law [14]
in one dimension, except that the self-diffusion coefficient
in the equation is replaced by an interditfusion coetficient
D [15):

5 D Dy
N.D, + NgDy
where .V, (i = 4. B) is the mole fraction of exchangable
ions, i.c.. the ratio of the concentration of species i to the
total concentration and D, is the selt-diffusion coetficient
of the species 1.
Therefore. Fick's law in one dimension becomes the

diffusion equation
aC, 3 (- 6C4> R
a  ox <D ax / =)

Solution of (2) is dictated by the nature of the diffusion
coefficient D. As seen from (1). D depends on the con-
centration of the diffusing species and varies as a function
of position v in the glass. This implies that (2) must be
solved to determine the distribution C, of the incoming
species A. For the case of a semi-infinite glass substrate
containing initially none of the incoming species and in
contact with a salt bath which includes the species 4 with
its concentration C, constant at the interface, Crank has
prescented the numerical integral solutions of Fujita in nor-
malized monograph form [14]. Crank's graphical repre-
sentation of C/'C,, versus /By, with D7Dy as the param-
eter where W, (=2vDn is the depth of diftusion, renders
Fujita’a solutions usetul.

(H

B. Self-Diffusion Equazion Without External Electric
Field

A In special cases. however, the interdittusion coetlicient
D is essentially the same as the self-diffusion coetlicient
D, of the incoming species A. One such case is when the
selt-diffusion coetticients are equal. Inspection of (1) re-
vea.s that when D = Dy and since NV, + Ny = 1, the
interdiffusion coethicient D equals D (. Another case arises
when the molar concentration €, of the incoming species
is quite small, 1e., Ny = Oand Ny = 1. As a resubt. D
approaches 1, 1in this case as well. However, since the
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concentration C, is small, the diffusion coefhicient D, of
the incoming ions is unaffected by their presence inside
the glass substrates. This implies that D is independent
of the position x and the diffusion equation (2) further re-
duces to the simplest case

aC 8°C

— =D — 3

ot ax- 3)

where we have dropped the subscript 4 as we are dealing
with only one species.

Fabrication of planar waveguides requires the diffusion
of atoms with higher electronic polarizability into a glass
substrate placed in a large moliten salt bath that also con-
tains an indigenous species already present in the glass.
Usually the diffusing ion concentration is small compared
to that of the indigenous species. A typical example would
be the presence of a small concentration of silver ions in
a sodium nitrate bath and the diffusion of silver ions into
a semi-infinite glass sabstrate. If the substrate contains no
silver ions to start with, then the simple diffusion equation
given by (3) applies. To solve (3), we also require the
concentration C, of Ag ", although small, be held constant
at all times. Theretore, the initial and the boundary con-
ditions are

atx > 0

and

CO,0=C, forallt =0. (4)

The solution of (3) under these conditions is the well-
known complementary error function [ 14} ’

[\

Cix. ny = C,eric \F_/ >
0
where
Wy = 2vDr
and
2 (7 .
erfc (3) = — g e~ da. (6
Jr oo

Wy is called the effective depth of diffusion without the
application of external field and corresponds to that dis-
tance trom the waveguide surface where C/Cy = erfel)
= 0.157. Curve (a) in Fig. | (dashed line) shows a nor-
malized plot of erfc function (5).

C. Self-Ditfusion with External Electric Field

The diffusion of incoming cation can be enhanced by
applying an external field to the substrate. Fick's equation
tor the 1ome current density J can be moditied to include
the dntt of the tncoming jon due to the external electnie
ficld £ in the forward direction:

3
J = —D}—C + wEC
[EAY

N

where o is the ionic mobility of the inconung species in
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i¢. 1. Plot of concentration versus normalized depth using exact (9} and
approximate (10) equations tor different values of r (=g Eri2vDn.

he host glass substrate. As before, if we assume that D
nd ¢ are independent of position x in the substrate. and
f we further assume that for low concentration the term
.C(0F/8X) can be ignored. we obtain

ac  9C aC

— =D— - uE—

ot ar ax’ ®)

For diffusion into a semi-infinite glass substrate with
‘he sarae initial and boundary conditions, viz. initially,
*he concentration inside the substrate 15 zero and the con-
sentration at the surface is held constant at all umes. the
solution to (8) is given by {16]

]

C
Cix'.r) = 5

-

[ erfc (x' + 7 + erfc ' ~ )] (9)
x/23Dr is the normalized effective
depth of diffusion without external tield and r is the ratio
of the depth of diffusion due to the electric field to the
effective no-field depth Wy, te.. r = puEt/Wy = pkEt/
2+ Drt. For large values of pEt, since erfc approaches zero
with increasing x at a faster rate than the growth of the
exponential term, the contribution by the first term is neg-

ligible and the above equation can be further approxi-
mated as

where x' = Wi, =

Cix'.r) = % ferfe (x' — . r=225 (10

Fig. I shows the dependence of the diffusing jon con-
centration on the normalized position x'. The dashed curve
(a) represents the case of zero external electrie tield and
curves (b)-(d) correspond to the increasing electric field
associated with the ratio r = 1, 2.5, and 4, respectivety,
The dashed curves show the behavior for large ticld ap-
proximation as given by (10). It can be scen that as ukr
increases, the tield-assisted diftusion_domuniates the pro-
cess, and for wEr = 2.5 W, (= 5¥Dn. (1) becomes an
excellent approximation for the general solution given by
(9). Funthermore, for p&r = 2.5 Wi, C/C, alwavs cquals
0.5atx’ = r.ie.. at v = p&r In tact, under the large
field approximation (r > 2.5). the argument of the com-
plementary error tunction (10) is positive only when v’ >

r. The shape of the curve i the region ©° > ris the well-
known erfc profile. However. in the region v’ < r, the
negative argument of the complementary error function
results in an antisymmetric (or inverse) profite about the
point x‘ = rsince erfc (=2) = 2 — erfc (7).

A few words about the definitions of the depth of dif-
fusion arc in order. Inthe case of r = 0, Wy (= Zv/l_)7) Is
an appropriate measure and corresponds to that position
in the substrate where C/C, = ertc(1) = 0.157. However.
for non-erfc protiles obtained in the presence of low ex-
ternal electric fields or buried symmetric profiles. achieved
by using the two-step process [13] and which are de-
scribed in detail later in this paper, this definition is not
adequate. The problem can be best illustrated by consid-
ering the case of large field-assisted diffusion. If we define
the effective depth as before as the point x at which the
argument of the complementary error function equals 1,
then as seen from (10), the depth of diffusion pow repre-
sents the point x where C/C,, = 0.079 rather than 0.157.
We need. therefore, a different definition for the effective
depth. There are two other choices worth considering.

1) W,. = that value of x for which C/Cy = }. This
seems appropriate as it has the advantage in that for r >
2.5, the cttective depth of diffusion W ., represents the
position of the half concentration point and equals pEr,
the ficld-assisted contribution (actual translation, in the
case of large fields) to the normal diffusion obtained for r
= 0.

2) W = that value for which C/C, = l/e. This defini-
tion seems convenient for defining the width of symmetric
or quasi-symmetric index profile obtained in the two-step
process where the width of the profile is represented by
the distance between the points which have concentra-
tions given by C/C, = l/e where G, now is the peak value.

The latter definition for the diffusion depth W for all the
cases including the no-field case (r = Q) requises recon-
sideration of the two extreme cases. namely, r = 0 and
= 2.5, in order to relate the depth Wito W,

1) r = 0. For the no-field case. setting r = 0 in (9)
yields the same relationship as stated by (5). viz. C'Cy =
erfe (x') = erfe (x/2vDr). At the position where C.'C, =
I/e = 0.368. the argument of the complememany error
function v'(= 23Dn must equal 0.64. Thus, the ctiec-
tive depth of Jiffusion 1 = 0.64 (2 VD). In other words,

W = 0.64 W, (an

and this can be castly verited from the dashed curve ()
in Fig 1 by inspecting the position 17 at which C'C, =
0.36%.

2) r = 2.5 Following the above procedure. it can be
shown by considering (100 that the normalized depth ¢’

tor which C. Gy = 0368 1» given by ©' = 5 + 0.24.
Therctore,
W= ubr + 024 10, (12

For extremely large values of E. W = pfEr.
Heregtter, we wiil denote the depth of diffusion by
tor all the cases including the no-field (r = 0) case.
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[II. ExPERIMENTAL RESULTS
A. Self-Diffusion Without Applied Elecrric Field

Our experiments were carried out by using soda-lime
silicate laboratory (Fisher Brand) glass slides. immersed
in a bath of molten sodium nitrate at 330°C containing a
small amount of clectrolytically released silver ions {9}].
The bath was stirred to assure uniform concentration of
Ag’ in the bath. Concentration C, of Ay~ varied from 2
X 107*t0 2 x 107* MF where | mmole fraction (107"
MF) corresponds to =0.5 g of Ag”, released into a mol-
ten bath of 400 g of NaNO;.

First diffusion of Ag™ ions into the glass substrate was
carried out for 30 min with no external field (E = 0) and
with C; = 2 X 107* MF. For such small concentrations,
according to (5), we expect an error function complement
profile irrespective of whether Ag”™ exchange with the
constituent Na* or self-diffuse into vacant or interstitial
sites in the glass matrix. The photograph shown in Fig. 2
shows the depth profile of silver ions in the glass substrate
obtained by detecting the backscattered electrons when the
sample is bombarded by high-energy (25 kV) electrons in
a scanning electron microscope (SEM). On account of the
higher atomic weight, contribution of silver atoms to the
yield of backscattered electrons is much higher than that
of other constituents [17]. Samples were prepared by
epoxying a small glass pad made of the same material as
the glass substrate over thic waveguide suriuce. then poi-
ishing across the edge of the waveguide, and finally de-
positing about 50 A thick carbon film over the viewing
sample to avoid any charge buildup. The dip in the profile
to the left of the waveguiding surtace dentifies the epoxy
region which does not contribute to backscattered elec-
trons. As seen from Fig. 3, the silver ion profile of Fig.
2, when replotted, by assuming the zero-crossing point to
be the waveguide surface of the epoxy glass sampte in-
terface. agrees very well with the predicted erfc profile
(5). By minimizing the sum of the square ot the errors,
the value of D that best fitted the data is 0.133 gm /min.
which agrees very well with the value of 0.13 pm*/min
obtained from the modal characteristics of these wave-
guides. results of which are presented clsewhere [18]. The
effective depth of diftusion 1, specified at v = 2+ Dr (at
which point the argument of erfec is | and C'Cy = 0.157)
equals 3.98 pm and agrees very well with the SEM data
of samples dittused at 330°C for 30 min. [n tact. the value
of D tor Ag”™ in glass did not vary very much between
soda-lime silicate glasses from various vendors (Fisher,
Schott. and Labmate).

Several planar waveguides were fabricated without any
applicd ficld by varying the tme of diffusion tor two con-
centrations G, = 2 x 107 ana 2 x 10 " MF. Measured
values of W exhibit a square root dependence on . as ex-
pected from (5), and this is expenmentally ventied as
shown in Fig, 4. For relatively small concentrations (G,
=2 x 107 MF), the estimated constant of proportion-
ality cquals 0.48. As scen from (1 1), this must equal the
constant of proportionalty 1.28VD. This implies a value
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Fig. 2. Ag"' profile of a planar waveguide fabricated by a fint-step dillu-
sion without applicd clectnie ficld.
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of D = 0.14 gm~/min and agrees quite well with our pre-
vious result derived trom Fig. 20 However, as concentra-
tion is increased above this value. D increased as well.
As seen from the Wversus ¢y curve tor the larger concen-
tration (C, = 2 x 1079, D = 0.32 gm~/min. which 1s
about a tactar of two lurger thun that tor the lower con-
centration. We will further discuss the dependency of D
on concentration Gy in the following paragraph. The sub-
scripts | and 2 of paramcters £ and 7 n Fig. 4 idenuty
each part of the two-step dittusion process deseribed later.
For the present. with the single-step dittusion process. £,
=t =0uandt, # 0.
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TABLE 1
DiFruStON COEFFICIENT VERSUS
CONCENTRATION
Cy iMF) D (um/min)
2x 107" 0.28
1.4 x 10" 0.28
1x 107" 0.25
6x10°" 0.21
2x 107 0.14

Curve (a) in Fig. 5 shows the dependence of the depth
of diffusion W on the silver ion concentration C, for E; =
0 and ¢; = 30 min. According to the simple theory for
low Ag” concentrations. I should be independent of C,
as D represents the self-diffusion coefficient of incoming
silver ions in glass. Instead, W increases monotonically
with Cy until Cy = 107* MF and then begins to saturate.
Table [ shows the dependence of D, estimated from the
diffusion depth (W), versus concentration (C,) data.

This dependence indicates the existence of a concentra-
tion-dependent D even at such low concentration, even
though for a given Cy, W varies as \[I as evidenced by
Fig. 4. Saturation of W with increasing C, could very well
mean that Ag”-Na™ exchange indeed occurs and that no
further sites for Ag® indiffusion are available or that the
Ag” in-diffusion has possibly reached the solubility limit.
However, lower values of D for low concentrations are
rather unexpected, and the exact diffusion mechanism that
is responsibie for the W versus C, behavior is presently
under investigation. Furthermore. the question of whether
a simple ion exchange through a liquid-solid intertace
produces a concentration-dependent diffusion needs to be
resolved. It does not appear that the diffusion is restricted
to a simple case of self-diffusion of silver ions. Curve (b)
in Fig. 5 will be discussed in the following section under
self-diffusion with applied electric field.

B. Sclf-Diffusion with Applicd Electric Ficld

The SEM picture of Fig. 6 shows the Ag*® profile tor
diffusion at 330°C for Gy = 2 X 107*, E; = 45 V/mm,
and 1, = 30 min. Again. subscript 1 identifics the first,
and in this case. the only step in the diffusion process.
Fig. 7 shows data points of the SEM protile of Ag” for
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Fig. 6. Ag* profile of a planar waveguide fabricaied by a first-step diffu-
ston with applhied electric field
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Fig. 8. Vanaetion of ditfusion depth with ume i ane-step. waith appliced
electric neld. ditfusion process.

E, =45 V/imm, ¢, = 30 min. With D = 0.133 um*/min.
the best theorctical it (19) obtained tor @ = 15.55 pm-/
V - min is shown as the continous cunve. As seen trom
Fig. 7. uEyty = 21.5 ym at C/C, = . Since the rauo 7 is
clearly greater than 2.5. as described carlier, W, =
uE it and as seen trom (12). the etfective depth of dit-
fusion ¥ = £ 7y, illustrating the dommance of field-as-
sisted diftusion. This poaint is turther illustrated in Fig. 8
where the ettective ditfusion depth W the presence of
an applied electric ficld of 30 Vmm for G, =2 x 107"
MIE . is plotted against 7,. For¢, = 15, 30, and 45 oun. r
= 1.6, 2.3, and 2.8. respectively. The solid line repre-
sents the ticld-assisted dittusion depth p&yry, 1e..0.47 1,
and surpnisingly. as seen in Fig. 8, W agrees very well
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Fig. 9. Ag* profile of two planar waveguides (stuck face to face) fubn-
cated by a first-step diffusion; left: without field. nght: with field.

with the measured values, although r values are relatively
low.

Variation of W versus C, with £, = 10 V/mmand ¢, =
30 min, shown in curve (b) in Fig. 5., discussed in the last
section, exhibits a similar dependence as curve (a). Wsat-
urates as before tor C, = 1077, and for this case. D =
0.3 pum*/min. Therefore. W, equals 6.0 um and pEf, =
4.67 um. This is an intermediate case where r = 0.78.
and as such, there is no dominance ot field-assisted dif-
fusion yvet. From Fig. 1. itis seenthat W = 1.2 W,. How-
ever, measured values in Fig. 5(b) are about 36 percent
less. In fact. W equals uE\r», and this result is in accor-
dance with the data shown in Fig. 8. Although the data
agree well with » = 0 and 2.3, for values of r in between.
the theory does not seem to be valid. This behavior seems
to indicate that the theoretical model is not quite appro-
priate. Comparison of the diffusion to a low field £, should
be slightly larger than 0.64 W, and much smaller than the
depth pEry + 0.24 W, corresponding to large E,. The
measured difference should be less than the calculated
value, which is about 2.3 um. Comparison of curves (a)
and {b) in Fig. 5 reveals indeed a shift of only =1 um
due to the field of 10 V/mm. Whatever the mechanism is
of diffusion without the applicd field, a translation of the
concentration profile occurs due to the electric field. The
effective depth of diffusion IV equals the transiation depth
uE 1, for both small and large fields. although the theory
predicts this behavior only when r = wEnINDr = 2.5
since the self-diffusion contribution is negligible only in
this region.

Another effect that was observed is illustrated in Fig.
9. Here two waveguide surtaces tabricated under the same
conditions, viz. concentration in the bath G, = 2 x 1077,
fy = 30 min, and T = 330°C, cxcept that the guide on
the left was made with £, = 0 and the one on the right
with £, = 10 V/mm. According to (9), concentration at
the surface (v = 0) should be the same tfor both wave-
guides, namely, C,. regardless of the value ot r. How-
ever, the SEM picture in Fig. 9 shows that the concentra-
tion on the surface in the case of ditfusion with electric
field is stightly higher. The explanation. we believe, lies
in the fact that the finite conductivity of the molten NaNO,
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bath (mcasured to be 0.004 U /cm) supports an electrie
field between the glass surface that is in contact with the
bath and the aluminum foil anode placed 10 mm dircctly
beneath it. The field is applied between the cathode. i.e.,
the metal contact deposited on the other surface of the
samplc not in contact with the bath and the aluminum foil
anode. The Ag’ concentration increases slightly near the
surface of the glass sumple as these ions are daven by the
electric field towards the surface until an cquilibrium js
reached due to the increased charge buildup near the sur-
face. A relative potential drop across the distance (10 mm)
in the solution between the glass surface and the anode
indicates the presence of a field approximately 1.5 V/mm
when the applied field was 10 V/mm. This local field
causes the concentration to increase in the vicinity of the
sample while the field across the sample decreases by a
small amount. Careful analysis of Fig. 9 shows that the
ratios of the surface concentrations with and without the
field to be about 1.1. which is in close agreement with our
rough estimation based on a field-induced increase in the
concentration at the surface. It is clear that in the case of
field-assisted diffusion, the actual concentrations in the
presence of an applied field should be considered for dif-
fusion as well as index protile studies. To achieve equal
concentrations with and without the presence of applied
field. we must reduce the potential drop between the elec-
trode and the glass substrate. One possibility is that the
gap between the electrode and the surface guide can be
reduced to minimize the potential drop.

One of the problems usually encountered in field-as-
sisted ditfusion is that of electrode deterioration {19]. Un-
der the influence of the applied electric fie' 1. sodium ions
in the glass migrate towards the electrode and are con-
verted into sodium metal at the electrode (cathode). Since
sodium is highly reactive. it attacks the aluminum elec-
trode. Thus, films of noble metals tike gold or platinum.
being chemically inert, serve as better electrodes. Unlike
platinum which has a high melting point (1772°C), gold
(melting point 1064°C) is casier to evaporate; however,
a thin fayer of chromium was deposited prior to the evap-
oration of gold to provide better adhesion to gluss. An
electrode made of 30 A chromium and 1000 A cold has
worked well in our cxpenments.

C. Two-Step Diffusion Process and the Fabricarion of
Buried Waveguides

Ficld-assisted ditfusion permits taloring of the refrac-
tive index profile A two-step ditfusion process has been
used previously to tubricate bunied waveguwies in glass
[13]. In this process. inittatly. a surtace waveguide s
formed with ticld (45 Vimnuo-assisted ditfusion ot sibver
ions (Fig. 6) tor r; = 30 nun. This was followed by a
second ficld-assisted diffusion for 20 min under the same
field conditions now in pure sodium nurate. The silver
ions move deeper inside the glass substrate under the in-
fluence of the apphed electric ficld. In addition. the new
boundary condition at the surface of the substrate. viz.
that G, = 0, requires out-ditfusion of silver ions as well,
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i 10. Skewed index protile of a buricd waveguide fabricated by a two-
step diffusion process.

d perhaps sodium diffuses into the surface. As a result,
wried waveguide is formed as shown in the SEM pho-
sraph of Fig. 10. Our initial analysis of experimental
w indicates a net decrease. although quite small. in the
ntent of Ag” in the substrate. The buried waveguides
Sricated in this fashion exhibit skewed index protiles
at are not compatible with optical fibers which have
mmetric index profiles.
We have investigated the two-step diffusion process in
‘tail. We find that buried waveguides with nearly sym-
ctric profiles can be fabricated by using either simple
o-tield) or field-assisted ditfusion in the first step, fol-
wwed by either a no-field or an appropriate field-assisted
itfusion in the second step.
The six parameters which control the dimensions and
he index profile of a buried waveguides are given below.

ty = Time of diffusion in the first step (NaNO, +
AgT).

E, = Applied ficld in the first step (NaNO, + Ag*).

1 = Time of diffusion in the second step (pure
NaNO,).

E, = Applied field in the second step (pure NaNOQy).

Cy = Silver ion concentration in the bath.

T = Fabrication temperature in °C,

Diffusion time represents the total immersion time. It is
estimated that the total warm-up and cool-down period is
not more than a few minutes.

In the two-step diffusion process to fabricate symmet-
rical, buried waveguides reported here, we have kept £,
= 0 and 1, = 30 min so that erfc profiles are abtained
during the first step. Fig. 11 shows a SEM photograph of
the nearly symmetrical profile for £, = 30 V/mm and 1,
= 30 min. The rest of the experiments were carried out
by keeping the ficld during the second step at £, = 10 V7
mm for cach G, (=2 x 10, 107" MF) and varving the
duration 1, of the second step diffusion. Fig. 12 shows the
effective width W, measured between 1/e points from the
SEM photographs. I[ncreasing 1+ increases the width al-
most in proportion to \/I_» tor small concentrations. As the
silver jons in the glass tend to drift further into the sub-
strate due 10 the field E,, they also tend to diftuse out as
well towards the surface because the new boundary con-

Fig. 11. Nearly symmetrical index profile of a buried waveguide fabri-

cated by a two-step ditfusion process.
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Vanation of diftusion depth with the applied leld 1n second step
in two-step ditfusion process.

dition that C,, = 0 now imposes at the surface during the
second step. For G, = 107" MF and £: now set at 30 V/
mm. similar B’ versus 7, behavior (Fig. 12) iy seen. How-
ever. fora given G, = 107" MF and . (30 min), increas-
ing £y increases the width B hinearly as illustrated in Fig.
13. For E, between S and 30 Vimm and v = 30 mun,
pa£sr varies between 2.3 and 23: theretore, tor £, > 20
Vimm, the ficld is essentially lurge cnough to transiate
the profile lincarly deeper into the substrate. Analvtical
study of the depth of ditfusion and the width of the buried.
diffused profile tor the two-step process and its correlation
with the experimental result are presently being pursucd.

The SEM photograph in Fig. 14 llustrates two burnied
waveguide samples epoxied face to face. For the sample
on the right, £, = 10 V/mm. and tor the one on the lett,
E,; = 0. In both cases, f; = 30 min, £, = 10 V/mm, and
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Fig. 14, Nearly symmetrical index profile of two buried waveguides fab-
ricated wathout Hett) and with (nght) apphied electnd hield sn the hrst
step.

t» = 30 min. As before. we see an increased peak index
due to an increased concentration of silver ions at the sur-
face with the presence of an electrical field during the first
step. As before, an increase in concentration at the glass
surface occurs due to action of the field in the bath.

VI. ConcrusioN

In conclusion, we have presented a detailed study of the
Ag -Na” exchange in soda-lime silicate glasses in a
molten bath containing a mixture of NaNO: and Ag”. In-
formation on the index distribution in the glass substrate,
required for the design of optical waveguides. can be ob-
tained by studying the Ag”™ concentration protile. For low
Ag” concentrations. this is a good approximation.

Concentration profiles C(x, 1) obtained using backscat-
tered electrons in a SEM indicate that for low Ag™ con-
centration C, at the surface. the protile is given by the
complementary error tunction. In tact, C(x, 1)/C, = erfc
(x") where the normalized diftusion depth x' = x/W, and
Wy = 2D is the effective diffusion depth measured at
the point x’ = 1. Our experimental results. as evidenced
by erfc profiles for Ag” diffusion without applied field in
conjunction with the theoretical analysis. confirm the fact
that for low concentrations (C,). the nature of the diffu-
sion process—whether it is self-diffusion of Ag~ or Ag”™-
Na” exchange—is indistinguishable. From the experi-
mental data. the self-diffusion coctlicient 2 for Ag™ in
glass was determined to be 0.133 ;Lmz/min for low Ag~
concentrations and increased linearly with C, until it sat-
urated at about 0.3 gm’/min, and this value did not vary
much with different substrates obtuined trom various ven-
dors. In addition, the eftective ditfusion depth W varied
as the square root of diftusion ume ¢, irrespectine of the
concentration Cy. However, monotonic¢ increase of diftu-
sion depth W with Ag ™ concentration until C, equals 107"
MF is probably due te the glass reaching the Ag ™ solu-
bility limit, and this behavior is presentdy being nvest-
gated. Further work is presently being undertaken in order
to betier understand the diflusion.

Application of an external ficld £ during ditfusion en-
hances the depth of dittusion. While tor £ = 0, we obtain

an erfc profile, viz. erfc (x) for large E fields. the profile
can accurately be described by C/Cy = } erfc (x' — )
where r is the ratio of uEr over 2VDr. As long as r >
2.5, the translation of the profile due to the presence of
the field is much larger than that due to self-diffusion. The
dominance of the field-assisted diffusion is illustrated by
the fact that the effective depth of diffusion W, defined as
the distance from the surface to the 1/e concentration
point, however, equais pEr + 0.24 W, For large fields,
effective depth of diffusion W essentially varics linearly
with £ and . Although for large fields, the entire erfc
profile appears to be translated by pEr from the surface
due to the application of the field £, only the portion of
the profile for x' > r (i.e.. x = pEr) represents a com-
plementary error function with positive argument. Qur
experimental results confirm the above predictions, and
from the data, the best fit yields a value of the mobility u«
of Ag” in glass to be 15.55 um*/V - min. In addition, as
with the case when E was zero, the square root depen-
dence of the effective diffusion depth W on ume r and the
linear dependence of W versus C, for low concentrations
(Cy = 1073 MF) were observed. Cy = 10~® MF seems
to be the limit at which the diffusion coefficient of Ag”*
into glass seem to saturate. Due to the presence of a local
electric field in the bath near the surface, the surface con-
centration of Ag " increases with the applied E field.

Finally. we have demonstrated a two-step diffusion pro-
cess where an initial surface waveguide formed with either
E equal to zero or some finite value during the first step
can be modified to yield a buried. symmetrical fiber-like
prohile by a second diffusion in a bath of pure sodium ni-
trate. The effcctive depth of diffusion W measured be-
tween /e points of the peak value of the symmetric pro-
files varies as vt with E; = 0 and for any given G, 1y,
and E,. Moreover, W, as before, varies linearly with E,
(and probably with t,) when the field £, = 0 for a given
Cy. 1, and 1; (or E;). As before, the peak of the buried
concentration profile of the sample. fabricated under the
same conditions except with the field £, # 0, showed an
increase over that fabricated with £, = 0

The theoretical analysis [16] confirms our e <perimental
results for ditfusion with either no applied or very large
applicd fields. Forintermediate E fields. the estimated dif-
fusion depths are much larger than the measured values.
This discrepancy needs further study of the diffusion
mechanism.
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The ion exchange process of silver ina AgNO3~NaNO,
melt for sodium in a soda-lime-silica glass was studied
at 330°C as a function of melt mixing condition,
exchange time, and melt composition. Using wet chem-
ical etching and atomic absorption spectroscopy, silver
concentration profiles in the glass were obtained for melt
compositions in the range 19 x 10™* to 1'2x 1073
silver cation fraction. From the results of studies with
variable mixing conditions and exchange times, melt
mass transfer and kinetic limitations were found to be
negligible. The 330°C equilibrium isotherm was deter-
mined from the measured glass surface concentrations
and could be described by a regular solution model in the
melt and a n type model in the glass. The silver self
diffusion coefficient was obtained by a Matano-
Boltzmann procedure from the measured concentration
profiles and a value 4-1 x 10" cm*/s is reported.

Glass waveguides have recently generated consi-
derable interest as a possible basis for passive in-
tegrated optical devices: they are attractive because
they can readily be coupled to an optical fibre and the
substrate is inexpensive compared to other material
candidates such as GaAs and LiNbO,. Glass wave-
guides are commonly fabricated with a field-assisted
ion cxchange process between molten salt and
glass.!'"® Unlike LiINbO, waveguides, ion exchanged
glass waveguides cannot be tuned electrooptically to
compensate for fabrication errors'® and consequently,
strict fabrication tolerances must be met to produce
useful devices. An understanding of the transport
phenomena and equilibrium chemistry would benefit

the development of improved process control
techniques.
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When a soft glass, such as soda-lime-silica glass, is
introduced into a salt melt containing monovalent
cations such as Ag™, these ions can exchange with
mobile cations such as sodium in the glass.'® The
Ag™-Na” ion exchange process can be described by
the chemical reaction
Ag* +Na*=Ag* + Na* (1)
where the bar indicates the cation in the glass phase.

In a liquid-solid exchange process, the rate of ion
exchange can be limited by mass transfer of reactants
to and removal of products from the reaction interface
in the melt, by the kinetics of the reaction at the
interface, and by diffusion and drift of cations in the
glass. In the absence of melt mass transfer and kinetic
limitations, the equilibnum state of Reaction (1) spec-
ifies the surface boundary condition of the glass
diffusion process. The cation exchange profile may be
controlled by manipulating this boundary condition,
the cation transport properties in the glass, and the
applied electric field.

In soda-lime-silica glass, the extent of silver-
sodium ion exchange strongly changes the refractive
index,3:5-¢2.11) thys making it attractive for optical
waveguides. The ion exchange kinetics!!®!? 21 and
equilibrium condition!?!2% of silver exchange have
been investigated for a varety of glasses but the
transport and thermodynamic propertics depend on
the specific exchange conditions and glass compo-
sition. In the present investigation the importance of
melt mass transfer limitations, the equilibrium iso-
therm, and solid phase transport propertics are inves-
tigated under processing conditions and with a glass
composition that have been used to produce low loss
single mode waveguides.!*®
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Experimental procedure

The ion exchange of Ag*® with Na* in soda-lime-
silica glass was investigated as a function of time,
melt stirring condition, and melt composition for
AgNO,;-NaNO; molien salts dilute in silver. All
experiments were performed at 330+ 2°C for ex-
change times in the range of 1-4 h and silver cation
fractions in the range of 1:90 x 107% to 1:20 x 1072
(see Table 1). Fisher brand microscope slides were
used in this work, and the composition and density,
obtained from the manufacturer, are given in Table 2.
Precleaned slides were rinsed in deionised water,
allowed to dry, and placed in a sample holder prior to
each experiment. The salt mixture was prepared by
weighing between 400 and 600 g of NaNO, and the
desired amount of AgNQO;. The variation of the melt
composition as a result of the exchange process was
never more than 2%. The bath, sample holder, and
stirrers were constructed of aluminium; the thermo-
couple sheath was stainless steel.

After exchange the glass sample was removed from
the melt and allowed to cool, and subsequently
washed in deionised water to remove adsorbed salt.
The glass was then ctehed in steps in a 058 wt% HF
solution (a typical etch rate was 0:08 um/min} and the
resulting etch solution for each step was analysed for
silver with a Perkin-Elmer model 280 atomic absorp-
tion spectrophotometer calibrated with standards of
known concentration. The estimated precision of the
concentration is # 0-03 cation fraction and of the
depth 1s +1:6 x 107 °cm. In this manner concen-
tration profiles were determined.

Table 1. Summary of experimental conditions for ion
exchange studies at 330 C

Time
Nag (h)

v
H
%

Number of surrers

190 x 1074
190 x 1074
1490 x 10°*
190 x 1074
1490 x 1074
1490 x 1074
190 x 1074
997 x 107
197 x 1073
406 x 107°
803 x 10°?
1120 x 1072

— e e N e DO
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Table 2. Chemical composition (wt% ) of Fisher brand
glass slide: Density = 24667 g/cm?

Oxide

Si0, 7225
Na,0 14:31
CaO 6-40
Al O, 1-20
K,0 120
MgO 430
Fe, 0, 003
SO, 030
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Results and discussion

Rate limitation on the surface concentration

In order to ensure that the measured glass surface
concentration corresponds to the value in equilibrium
with the melt at the overall liquid composition, the
influence of liquid phasc mass transfer or surface
kinetic effects must be negligible. If the mass transport
processes in the melt and glass are purely diffusional
then, for an infinite composite medium with constant
diffusion coefficients, the quantity (C/C)D,/D)'*
must be much smaller than unity for the concentration
gradient in the melt to be negligible.?” Using the Ag*
tracer diffusion coefficient in NaNO; of Inman &
Bockris*® and the Ag* self-diffusion coefficient in
soda-lime-silica glass and the distribution coefficient
determined in this study, the characteristic quantity is
of the order of 0-1. Based on this estimate, diffusion
limitations in the melt are not expected to dominate
the exchange rate. It is noted that the glass surface
concentration is independent of time in this model and
decreases with increasing importance of diffusion
limitations in the melt. Another possible fimitation on
the surface concentration is the presence of a re-
sistance at or near the melt-glass interface (e.g. mass
transfer, reaction). If the rate of this process is assumed
to be first order and characterised by a proportion-
ality constant, z, the dimensionless variable «(z/D;)"
should be large (> 10) to ensure that the measured
glass surface concentration corresponds to the value
in equilibrium with the bulk melt concentration. In
this model the surface concentration is an increasing
function of time. Measurement of the surface con-
centration as a function of melt mixing conditions
should provide evidence on the existence of diffusional
or convective mass transfer (the value of a is a function
of the mixing conditions) limitations. In addition,
measurement of the surface concentration as a func-
tion of exchange time should indicate whether melt
depletion, convective mass transfer, or surface kinetic
effects are important.

12 —- — — —r— —
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Figure 1. Concentration profiles of silver from a silver murate - sodium
nitrate melt into soda-lime-silica glass at 330°C for 60 mun;
N,=19%x10"*
V sample A
O sample B

A sample C
O sample D

O sample E
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The influence of stirring rate and exchange time on
the Ag"-~Nu~ exchange was studied for a Ag*® melt
cation fraction of 190 x 10~*. This composition is the
lowest one examined and represents the composition
with the largest distribution coeflicient, C,/C,, and
therefore with the largest possible melt diffusional
limitation. Mcasured Ag* concentration profiles are
llustrated in Figure 1 under conditions of no stirring
and with one or two stirrers placed in the molten salt
bath for an exchange time of 1 h. It is observed that
the concentration profiles do not vary significantly as
the mixing conditions are changed. Concentration
profiies were also measured for exchange times of 3
and 4 h with one stirrer in place. As shown in Table 3,
a shght decrease in the surface concentration was
observed: this was within the experimental error of the
measurement and only a small portion of the decrease
is attributable to melt depietion. It can be concluded
from these results that the dominant resistance in the
exchange process is cation transport in the glass.

fon exchange equilibrium

The surface concentration of Ag™ in soda-lime-silica
glass was determined for each sample listed in Table |
by extrapolation of the measured concentration pro-
files: this was performed by normalising the data for
silver concentration in the glass, C,,. against depth
with an arbitrary concentration, C,. The normalised
concentration was equated to the normal probability
distnibution

@l

1
A
— = bz =
C, probiz) VAT

which is related to the error function by

oy 11

exp(—y22)dy. (2)

erfliz) =2 prob(z/2)— L. (3)

The extrapolation of the data for C,, against depth in
probability coordinates is convenient because the
transformed data are more adaptable to simple repre-
sentation (i.e. because prob(z) is related to erf(z).
sections of data with an approximately constant
interdiffusion coeflicient are linear). The extrapolated
silver surface cation fractions and bulk meit cation
fractions are summarised in Table 3.

The equilibrium constant for the exchange reaction

Table 3. Extrapolated Ag™ surface concentrations

Sample Nae N

A 190 x 104 00837
B 190 2 10°* 00793
C 190 x 1074 0073
D 190 x 10°* 00918
E 190 x 10~ 4 00857
F 190 x 104 00797
G 1490 x 1074 00744
H 997 x 1074 0231
! 197 x 10°? 0339
J 406 x 107° 0-444
K 803 x10°* 0547
L 1120x 107 0527
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is given by
K = d,\g tna - T'Na "VNJ ‘7Ag (4)

.tlAg NAR Ny

a_Na dAg
in which g; is the thermodynamic activity of compo-
nent i and 7, is the liquid phase activity coefficient of j
where i is the mole fraction of NaNO, or AgNO, in
the melt, V.. Taking the reference state for the melt as
the pure salt, the emf measurcments of Laity*”' at
330-C suggest regular solution behaviour with a value
of the interaction energy, 4. equal to 3515 J/mole. The
standard state selected for the solid exchanger is that
in which all of the exchangeable cations are of the ion
of interest. A successful empirical relationship first
suggested by Rothmund & Kornfield*' for the ratio
of the activities of the ions in a glass exchanger is

g <.‘<‘_\g )"

— == (5)
Axa N Na

where N, is the cation mole fraction. Garrels &
Christ®"" have shown that this empirical relationship
is equivalent to reguiar soiution theory for inierme-
diate glass compositions. Substitution of the regular
solution expressions for the melt componcnt activity
coefficients and the ratio of the component activities
in the glass into Equation (4) gives

N A
Inf —22 )+ (1 -2N, )=
“(1-A‘“>+RT( A

N
nin <l—j~5\_fk—g>— InK. (6}

If the assumption of regular solution behaviour in
both solutions is valid. a plot of the left hand side of
Equation (6) against In[(1 — N ,,)'N ,,] should yield a
straight line with slope equal to n and intercept equal
to In(1. K). This type of plot is illustrated in Figure 2
and it appears to be linear to within experimental
error with a least squares value of n equal to 1-49 and
K equal to 75. Thus. the partitioning of silver ions
between the nitrate melt and the soda-lime-silica glass
is nonlinear in the composition range studied.

- 38r
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Figure 2. Test of melt regular solution and glass n type behaviour for
Ag'-Na’ exchange in soda-lime-silica glass
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The results of these equilibrium studies are com-
pared in Figure 3 to the smoothed measurements of
Schulze*¥ in a soda-lime-silica glass of wt% compo-
sition 69Si0,, 15:2Na,0, 3-6K,0, 7-4Ca0, 44Al,0;,
0-4Fe,0,, 014MgO. Using the same regular solution
description of the melt, the values of n and K derived
from the data of Schulze are reported to be 1-08 and
120. Figure 3 also shows the 315°C cquilibrium results
of Stewart & Laybourn'*S determined on a type of
glass similar to that studied in this work; the reported
values of n and K are 1:32 and 131. The value of n
determined in this study indicates larger positive
deviations from ideal solution behaviour than sug-
gested by either Schulze or Stewart & Laybourn and is
close to the value of 14 reported by Garfinkel'??' for a
sodium borosilicate glass. The reason for the dif-
ference in the values of this exponent is not clear, but is
probably related to differences in either glass compo-
sition or structure. The value of the temperature
dependent equilibrium constant is in fair agreement
with the results of Schulze and Stewart & Laybourn as
well as those of Doremus'?!! for the high silica phase
of two-phase Pyrex. The results of this work suggest a
large value for the silver partition coefficient. similar
to the values determined by silver ion tracer diffuston
studies in soda-lime-silica glass (N,,/N,, = 200"
and sodium borosilicate glass (¥, Nag = 500).12%

oxfr — T
|

1

|

oo

o7} ,f.”/‘/jl
|

Figure 3. Partitiomng of silver between a silver murate - sodium
nitrate melt and soda-lime-silica glass ar 330°C

calculated isotherm with n= 149 and K =75
calculated sotherm with n= 108 and K =120 from a
reductton of the measurements of Schulze'®?

calculated 1sotherm with n= 132 ind K =131 from
measurements of Stewart & Laybourn'*™

Interdiffusion

Under the experimental conditions of this study the
ion exchange process consists of the inward diffusion
of Ag* and an equal flux of Na* in the opposite
direction, the Ag*® and Na' surface concentrations
being constant and in equilibrium with the ion con-
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centrations in the bulk melt. This process 1s character
ised by a concentration dependent inierdiffusior
coeflicient'!?

N DD, ¢lna,
"~ N.D, + Ngby cInC,

where D, and D, are the cation self-diffusion coethi
cients and may also be a function of composition
With the solution model of Rothmund & Kornfield?"
the thermodynarmic factor, ¢ing, cInC,, has a valuc
equal to n.

Values of the interdiffusion coefficient were evalu
ated numerically from the measured silver ion concen-
tration using the Matano-Bolizmann method.®™" All
slopes were measured from data smoothed by map-
pingitinto probability coordinates and all calculations
were performed in double precision to minimise round-
offerror. The concentration profiles were extrapolated
beyond the largest mcasured depth by assuming that
the interdiffusion cocflicient was constant in this
dilute region (i.e. Dy,.n,. = D,,. = constant).

Dys

(7

From the definttion of cation mole f{raction.
Equation {7) can be rearranged to give
n 1 = 1 |
———=——+NA(-————. (S)
DAB D;\ DA Dll/

If the self-difflusion coetlicients are independent of
composition. a plot of n/D 4, . n,- against N, . should
produce a straight line with ananterceptof 1. D, . and
slope of —[{(1/D,,-)—(1/Dy,.)}. Shown in Figure 4 is
a plot of the reciprocal interdiffusion cocthicient cal-
culated by the above procedure agamnst the silver
cation fraction for the threc highest Ag ion meit
concentrations studied. It is seen that a linear relation-
ship s fotlowed at high Ag* glass concentrations but
deviations from a straight line are found at low Ag~
concentrations, such that a maximum in n. D, ., IS
produced. An extremum in the calculated interdiffu-
sion coefticient against N,, was also reported by
Fainaro et al. '2 for several concentration profiles

vsom?)

-1t
"

" Dyt

al

-
»

Figure & Imerditfusion coetheent calcwdated by the  Matano—
Boltzmann procedure as u function of silver cation fraction at 330 C
Zosample J -5 sample K sample L
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measured in soda-lime-silica and alkali ajuminosili-
cate glasses. An extremum in the valueof D, .,- asa
function of cation fraction is consistent with the
presence of a mixed alkali effect®3* which involves a
dramatic change in transport properties as the alkali
composition is varied in the glass. With respect to ion
diffusion coefficients in binary alkali glasses, the diffu-
sion coetlicient of alkali ion A is found to decrease as
the glass composition changes from pure A to pure
alkali B. Furthermore, the value of the diffurion
coetficient of the trace ion in a pure glass is always
smaller than the value of the self-diffusion coefficient
of the pure element. This behaviour gives an extremum
in the value of D,.5. at an intermediate alkali
composition. In addition, the diffusing ion with the
lowest mobility changes from ion A to ion B at a
specific glass composition.

The experimental errors in the concentration and
depth measurements and the error in the procedure
for extrapolating the concentration profiles become
more important in the analysis at low Ag* concen-
trations. Also. the results were found to be sensitive
to the smoothing function used. For exumpic, ihe
discontinuity in n’D s at N,, = 048 for the analysis
of sample L in Figure 4 is a resuit of changing the
order of the smoothing function. Extrapolating the
lincar portion of these curves at high silver concen-
trations in the glass to zero Ag™ concentration gives
nearly identical values for the Ag ™ self-diffusion coef-
ficient, 41 x 107! cm?/s. This value is compared to
the values of 27 x 10~ '! em?'s determined from Ag~
tracer diffusion coetficient studies'!”’ in soda-lime-
silica glass (an activation energy of 83-7 kJ mole
was used to correct D,,. from 374 to 330°C) and
1'4 x 107'* cm*’s determined from refractive index
measurements of ion exchanged soda-lime-silica glass
slides using a dilute silver nitrate melt."?® These three
values of D,,. were measured at different Ag cation
[ractions. suggesting a weak dependence of D,,. on
glass composition. The value of D.,. determined
from the slope of Figure 4is 1-6 x 107! cm? s, whichiis
considerably lower than the self-diffusion coetficient
of sodium in silver free soda-lime-silica glass deter-
mined by Doremus"'® (3-3 x 107!% cm?’s, assuming
an activation energy of 837 kJ/mole), suggesting a
strong mixed alkali effect for Na.

In summary, concentration profiles of silver in a ion
exchanged sodia-lime-silica giass were measured for
various values of exchange time. molten salt nuxing
condition, and melt composition by atomic absorp-
tion spectroscopy. No limitations on the exchange
rate due to melt mass transfer or surface reaction
could be ascertained from the measured resuits; thus.
measured surface concentrations represent values
which are in cquilibrium with the melt. The 330 C
isotherm was described with a regular solution model
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applicd to both phases. With the AgNO,-NaNO,
melt interaction energy, A, fixed at the previously
measured value of 3515 kJ/mole/*® the value of the
glass cation solution model parameter. n, was deter-
mined to be 1-49; the corresponding value of the
equilibrium constant for the exchange reaction. K.
was 75. From an analysis of the concentration profiles,
the values of the silver and sodium cation diffusion
coefficients werc estimated as

Dpg- =41 x 107 em? s
and

Dun,- =16 x 107 cm? s,
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Abstract

The equilibrium study of the Nat - Ag+ exchange process at Ag NO3 +
Na NO3 melt-glass interface explains the strong dependence of the surface

index change on the low silver concentration in the melt used for fabricating

single-mode waveguides.
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The binary Agt - Nat exchange has been widely used for fabrication of
planar and channel waveguides generally using pure Ag N03 melt. The single-
mode waveguides thus obtained [1] have 1large surface 1index change

(A n~ 0.1) , show larze scattering losses, are incompatible with fiber-core
dimensions, and their characteristics are not reproducible to desired
accuracy. 5To cirguﬂvent these problems, low melt concentratlons of silver

~ 10 L 10 molar fractions where Ny + CV ) and C, is the
absé¥"te concentration of the cation 1) in &; \O3$%athghave been used {2-4].
However, at low ccncentrations, An is a very strong function of N
saturating at ~ 0.1 for pure Ag N03 melts in most soda-lime glasses. %ince
for fiber compatible single-mode guides, V\a ~ 107% MF, this strong dependence
of An on Ny calls for a precise control of VA and its understanding via a
detailed study of the transport phenomena and thermodvnamical equilibrium
between the welt and glaﬁs phases. While such a study has been reported
(2,3,5] for \, > 107, the results are not applicable to the low
concentrations 1nv01ved in ChL tabrication of single-mode waveguides. Besides,
the results are likely to depend on the processing temperature and the
substrate glass. Mnreover, since the concentration profile depends on the
interdiffusion coetficient whi i oncentration independent only if the
silver concentration in glass is verv small, a knowledge of its dependence on
NAu will permit the sclution oi tlhe diffusion equation with concentration-
dependent interdiffusion coefficient [2].

a
P

In the present investizatisa, tho importance of melt transfer limitations
and the equilibrium isothern, are ifavestigated under process conditions with a
glass composition that have been used successtullv to produce low—loss singl

o
mod~ wavenuides with hivh reproducibility. The experiments were carried out
by immersing the wlass sabstrates in molten salt mixture at 3307 ¢ and
measurimy the resultineg silver concentration protile as a4 function of tl",.
melt-stirrineg condicion and the melt composition. The vlass was etched 1n

steps and the

L

Tesuicling oo solarion was anaiveoed for silver with an atonmae
absorption spectrophotometor. Tt concentration protiles woere also measured
tndependentiv by analveing the hack=sc-ttered electrons {n a seanning clect ron
microscope  and  the  accompanving  surface-index chante  *n was derived by
correlating the measured wode indices to those caleculated theorsticilly for
the measured eoncentration prodile [+]. Fiyro 1 sh.os the silver concentration
at the . lass surtace and the =measared index chanre An tor various values ot
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‘
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The Agt - Na' ion-exchange process can be described (5] by the following

chemical reaction
agt + Fat - AgT 4 Na” (1)

where the bar indicates the cation in the glass phase., In such a liquid-solid
exchange process, the rate of lon exchange can be limited by the following
processes:
(1) The mass transfer of the reactants to and removal of the products from
the reaction interface in the melt.
(11) The kinetics of the reaction at the interface.
(1ii) The cation transport (diffusion) in the glass.

In order to ensure that the measured glass surface concentration
corresponds to the value in equilibrium with the melt, the effects of (i) and
(11) must be negligible. That this was the case in our experiments was borne
out from the following considerations: Firstly, stirring the melt did not
alter the _index hange or the profile. Secondly the quantity

(N, /N, ) (D /D ) 2 was sufficiently small [6] to impose any significant
11*L§at18ns 5“% tg the diffusion process in the melt for the values of N
studied (2 x 10 e 1 x 10 -2 MF). D here denotes the self-diffusion
coefficient. Furthermore, for large diffusion times (3-4 hours), there is no
measurable decrcase in the surface concentration attributable to melt
depletion, In addition, An 1s independent of time of diffusion, even for
diffusion time of the order of a few minutes. These results indicate that the

dominant resistance in the exchange ©process 1s the <cation transport
(diffusion) in the glass.

The equilibrium constant for the exchange reaction 1Is given by
K =Yy, NVa a, /Ykg \Ag ay, where a; 1s the thermodynanic activity of
component 1 and y; is 1its activity coefficient at mole fraction N; in the
melt. The ratio of the two activity coefficients in the melt can be described
by regplar solutlon theory and in the glass by an n-type behaviour, 1.e.,
= (N . . ) . . N

A% ) ( %§ ) These considerations yield a relation between \Ag

nd Ag “%n the rm

N
Ag A Ag
—_— _2 h = — -
In 5o \Ag BT (1 VAg) n 2n " n K

The above relation is shown as the straight-line plot\bt Fig. 2 with & = 3515
J/mole The slope gives n = 1,49 and the intercept gives K = 75 for the soda-
lime glass used. These values are similar to those reported by other authors
[2,5] for various glasses. The large value of the equilibrium constant fis

thus responsible for the large ratio /N .  These results Jjustify the
assumption of concentration independent bﬁtefﬂlffu%ion coefficient and the
resulting erfc index profiles o7lv for very small mnelt concentrations

(NS 10T MEY o For N > 10T WF
concéntration dependent and the
from erfc.

, tne interdiffusion coefficient s
resulting index profiles deviate substantiallvy

This work was supported bv contract no. 24-01369 trom AFOSR.
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REFERENCE [131

MICROSTRUCTURAL DEFINITION OF ION-EXCHANGED
GLASS OPTICAL WAVEGUIDES

P. Chludzinski, R. V. Ramaswamy and T.J. Anderson

University of Florida
Gainesville, FL 32611

We have performed detailed studies of the ion-exchange process at the AgNO;
+ NaN0Oy melt-glass interface. The results indicate that at the processing
temperature (330°C), for dilute concentration of Ag*, variable mixing
conditions, mass transfer (diffusion or convection in the melt) or the
kinetics at the ligquid-solid interface do not influence the exchange nrocess
significantly. As a result of the equilibrium condition at the interface, the
concentration of silver at the glass surface is orders of magnitude higher
than that in the melt and for low concentration (< 10~% mole fraction), the
dopant profile (and hence the refractive index profile) 1is primarily
determined by the diffusion of silver ions in the glass matrix. However, for
large concentrations, the diffusion coefficient is concentration dependent and
therefore varies as a function of positon inside the glass. It appears that
the exchange process can be best described by equilibrium at the melt-glass
interface with a regular solution theory in the melt and an n-type behavior of

the thermodynamical activities of the ions in the glass and by the diffusion
limited transport in the ylass.
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INTRODUCT ION

The ijon-exchange technique, which has been used for more than a century to
produce tinted glass, has received increased attention in recent years because
it has been found to improve the surface-mechanical properties of glass [1]
and, more importantly, to introduce a gradient index in the glass. The
technique has been successfully used in manufacturing low-loss optical fibers,
gradient-index optical components for imaging applications, and, more
recently, in the fabrication of planar and channel waveguides in glass
susbstrates for application in integrated optics. Optical waveguides in glass
substrates are fabricated by creating a layer of higher refractive index near
the surface of the substrate. This is normally accomplished by diffusion of
monovalent ions of higher polarizability e.g., Cs*, Rb*, k¥, Ag*, or T1T into
the glass matrix where they exchange with Nat or K* jons. Besides the
polarizability of the ions, the net index change also depends on the
difference in the sizes of the two exchanging ions, the accompanying change in
the polarizability of the oxygen ions, and formation of any elastic stress in
the glass. Of the various monovalent ions exchanged in soda-lime glass by
diffusion, the binary exchange of Agt - Na® is by far the most researched
technique [2,3,4]. When pure AgND 4 meit is used for the exchange process,
large surface index changes (an ~ 0.1) are obtained whicn have some
disadvantages: a larger silver concentration causes coloring due to silver
reduction ; secondly, the single-imode waveguides thus made are shallow and the
field distribution of isc guided mode is not compatible with that of tne
conventional optical fibers. Moreover, the time of diffusion involved is
rather short, thereby causing uncertainty and lack of reproducibifity in the
waveguide characteristics, Oilute melts of mixtures of AgNO3 and NaNQ3 allow
achievement of lower an and more controllable diffusion times with fiber
compatible waveguides [4]. [t is known [5] that a very low ionic
concentration of silver in the NaNO3 melt (NA ~ 10'4 mole fractions) is
necessary to obtain the desired single-mode waveguides. Moreover, unlike the
case of K* - Na* ion exchanyge where the surface-index change (an) depends
linearly on the concentration of XK' ions in the KNO3 + NaN04 melt [6], ia the
case of Ag" - Na* exchange an is found to be highly nonlinear function of
the silver ion malt concentration even at such low concentrations [4]. Since
an is expected to he a linear fuction of the caoncentration of silver ions in

the glass matrix [7], it is necessary to understand how the silver ion intake
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by the glass is affected by the ion-exchange parameters, namely the melt
concentration , the time and other boundary conditions such as the stirring of
the melt. An ion-exchange equilibrium study would thus not only provide the
correlation between the measured index change and the melt concentration, but
also permit determinaticn of the boundary conditions for solution of the
diffusion equation to calculate the index profile. In particular, it will
demonstrate to what extent the general assumption that the interdiffusion
coefficient is concentration independent, is valid. -
Previous studies of ijon-exchange equilibrium in glasses include the early
work of Schulze [8] and later the pioneering work of Garfinkel [6] involving
many different cation pairs. In both these studies, the silver cation
concentration was relatively large (NAg > 0.1), More recently, Stewart and
Laybourn [3] reported a study of Agt - Nat exchange at very low concentrations
( NAg ~ 10—4 ) required for fabrication of single-mode waveguides. However,
the information on the surface concentration of Ag™ in glass was obtained
indirectly by optical measurements on the waveguides. There are two
drawbacks in such a method; first, the WKB method employed to determine the
mode indices is subject to error in some cases and second, the assumption that
in the case of pure AgNO; melt, all the surface Nat ions in glass are
substituted for Ag+ ions, may not necessarily be valid. In this work we
measure absolute concentration of Ag+ ions in a soda-lime glass which we have

successfully used to fabricate glass waveguides of desired and reproducible
characteristics [5].

THEQRY

Upon immersion of the glass substrate in the salt solution, silver is
driven into the glass by an interphase chemical potential gradient [9].
However, because Ag™ 15 a monovalent cation, an equivalent amount of charge,
i.e., a Na* jon, is transported in the opposite direction to preserve charge

neutrality. The Ag" - Na* binary exchange process can be described [6] by the
following chemic2]l reaction: '

At + T =AY e N, (1)

whera the bar indicates the cations in the glass phase. In a ligquid-solid

phase exchange process, the rate of 1ion exchange may be limited by the
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following processes:

(i) The mass transfer of reactants to and removal of products from the
reaction interface in the melt.

(i1} The kinetics of the reaction at the interface.
(ii1) The transport of ions in the ylass phase.

The transfer of cations in the melt takes place via diffusion and
convection., For diffusion to be the limiting process in the melt, Crank [10]
has shown that the important parameter is

_ - !

N b !

Aq @___ilﬂ) 2 y
Nag D1

where NAg denotes the silver concentration and DAg the self-diffusion

coefficient, If this parametar is greater than about 10, the rate is not

mass-transfer limited in the melt. Under the experimental conditions used in

this study, this indeed was the case,.

Convection in the melt can he altered via stirring the melt and its

influence on the mass transfer can be minimized., The kinetics of the reaction
is expected to be rather fast and tnhe most important limiting factor thus is
the transport of Agt ions in the glass. This traasport occurs via diffusion

and the eguilibriun state of reaction (1) specifies the surface boundary

condition for this diffusion process. Control of the surface-index change or
the cation exchange profile in glass is affected by manipulating this bSoundary
condition and the cation transport properties in the glass.
We define the equilibrium constant for reaction (1) as
(-t e (2)
aNa aAg
dhere the a's are the thermodynamc activities of the
value of K depends

ions. The absolute
upon the raferenca “unctions and states chosen to define
the activities. For molten salts, the reference stite is normally chosen such
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that the activity coefficient of the ion approaches its mole fraction N in the
pure state. The reference state for the glass phase is taken as that in which
all of the exchangeable cations are of the species in question. The ratio of
the activity coefficients in the molten salt can be represented by the Regular
Solution Theory [11]

a N
(=2 = (A A L) (3)
aNa NNa RT Na

Where A is the net interaction energy which is assumed to be independent of
temperature and melt composition., The measurements of Laity [12] at 330°C
suggest the value of A equal to 3515 J/mole for the AgNO; + NaNO3 melt.

The ratio of the activities in glass is represented by the n-type behavior
first suggested by Rotnmund and Kornfeld [13],

a N n
S BN . ¢ E (4)
a N

Na Na

Garrel and Christ [14] have shown that this empirical relationship is
equivalent to regular solution theory for intermediate glass compositions,
Substitution of the ratios of the activities in (2) gives

N A Ny

) 4= (1 -2 N, ) = aln(—3—) - 1InK (5)

1 - NA RT Ag 1 - W

g Ag
If the models for the activity coefficients in the twc phases are valid, a
plot of the left nhand side of (5) versus )

In (

should yield a straight line with slope equal to n and intercept equal to
In(1/K).

EXPERIMENTAL PROCEDURE
The ion exchange of Ag* with ila

¥ in soda-lime silicate ylass was carried

out at 330°C as a function of time, melt composition of AgNOy + NaNQO3 molten
salts, and melt stirrinyg conditions.

A summary of the experimental conditions is given in Table 1. The
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composition and density of the soda-lime glass used 1in the experiments 1is
given in Table 2. Precleaned glass slides wera rinsed in de-ionized water,
allowed to dry and then placed in a sample holdar prior to each experiment.
The bath, sample holder and stirrers were all constructed of aluminum, The
temperature was controlled to t 2°C and monitored dy a thermocouple with
stainless steel sheath.

After exchange the glass sample was renoved from the melt and allowed to
cool, It was then washed in de-ionized water to remove absorbed salt. The
glass was then etched in steps in a 0.58 wt, percent HF solution. The
resulting etch solution for each step was analyzed for silver in Perkin-Elmer
Model 280 atomic absorption spectrophotometer calibrated with standards of
known concentration., The estimated precision of the concentration is + 0.3
cation fraction and of the depth is £ 1.6 x 1076 cm. In

-e

this manner
concentration profiles of silver in the glass matrix were determined,

RESULTS AND DISCUSSION

Fig. 1 shows the measured concentration profiles for the samples listed in
Table 1. The surface concentration of Ag+ in glass was deternined by
extrapolation of the measured concentration profile. Extrapo\atibn Was

performed by fitting the profile by complimentary error function, viz:

NAg(X) = ﬂAg(x = 0) erfc (x/ 2/ Dt)

2
%f e % da

vYon

where erfc (z) =

N-— 8

Here t is the diffusion time. The assunption of the erfc profile is based on
the solution of the one-dimensional diffusion equation with time-independent
boundary condition at the ylass-melt interface [10]. The fact that the
profile frr a given melt concentration does not depend on the stirring
condition sugyests that the ion-exchange process is not mass transfer limitad
in the melt. The extrapolated silver cation fractions and the corresponding
melt cation fractions are sumnarized in Table 3, The data of Table 3 are

plotted in Fig. 2 and as expected according to (5) the plot appears to be

linear to within experimental error with a least squares value of n equal to

1.49 and K equal to 75. Thus, the partitioning of silver ions between the

nitrate melt and soda-lime silicate glass is nonlinear in the composition
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range studied,

The results of these equiliprium studies are compared in Fig. 3 to the
smoothed measurements of Schulze [8] in a soda-lime silicate glass. Using the
same regular solution description of the melt, the values of n and K derived
from the data of Schulze (8] are reported to be 1,08 and 120. Figure 3 also
shows the 315°C equilibriun results of Stewart and Laybourn [3] determined in
a similar type glass as studied in this work, The reported values of n and X
are 1,32 and 131. The value of n reported in this work is close to the value
of 1.4 reported by Garfinkel [6] in soda-lime borosilicate glass. The reason
for the differences in the values of the exponent is probably related to
differences in glass composition and /or structure. The value of the
temperature dependent equilibrium constant 1is in fair agreement with the
results of Schulze [8] and Stewart and Laybourn (3], and the results of
Doremus [15] in the high silica phase of two-phase pyrex. The results of our
work suggest a large value of the silver partition coefficient which is

similar to the values determined by silver ion tracer diffusion studiaes in
soda-lime glass [9].

CONCLUSION

Concentration profiles of silver in an ion-exchanged soda-lime silicate
glass were measured by atomic absorption spectroscopy for various values of
exchange time, molten salt mixing condition and melt composition. No melt
mass transfer or surface reaction limitation on the exchange rate could be
ascertained from the measured results. Thus, the measured surface
concentration represents values which are in equilibrium with the melt. The
330°C isotherm is described with a regular solution model applied to the
activities of the cations in the melt and an n-type behavior in the glass
phase. With the AgN03 + NaNQ3 melt interaction energy fixed at the previously
measured valuz of 3515J/mole, the value of n was determined to be 1.49; the

_corresponding value of the equilibrium constant for the exchange reaction was

K=75. The results explain the nonlinear dependence of the surface index
change with the melt concentration of the silver jons at such
concentrations.

low
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LIST JF FIGURES

Figure 1,
Concentration profiles of silver from a silver nitrate-sodium nitrate

melt into soda-lime silicate galss at 330° for 60 min. NAg = 1.9 x 10‘4;

v -sample A, g -sample B, A -sample C, <> -sample D, o -sample E.

Figure 2.

Test of melt regular solution and glass n-type behavior for Ag*-Na®

exchange in soda-lime silicate glass.

Figure 3,

Partitioning of silver between silver nitrate-sodium nitrate melt and

soda-lime silicate gylass at 330°C,

calculated isotherm with n = 1.49

and K = 75; - - - - calculated isotherm with n = 1,08 and K = 120 from

reduction of measurements of Schulze [8],=— = — ~ ——calculated
y

isothern with n = 1,32 and K = 131 from measurement of Stewart and

Laybourn [3].
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Table 2.

Chenival composiriion of Fischar brand glass

Oxide Weignt
8102 72.25
NaZO 4.3
Cal 6.140
KZO 1.20
g0 L.30
56203 O-Uj
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Table 3 Extrapolated Az  surface concentriticns

Sample Nag ,\";Ag
A 1.90 x 1074 0.0837
B 1.50 x 107% 0.0793
c 1.90 x 10°¥ 0.0473
D 1.90 x 107" 0.0918
£ 1.90 x 107% 0.0857
F 1.90 x 107" 0.0757
G 1.96 x 107% 0.07uu
H 9.97 x 107" 0.231
i 1.97 x 1073 0.339
J 4.06 x 1072 0.huu
K 8.03 x 1073 C.547
L 1.20 x 1072 0.527
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Abstracc

The Ag+—Na+ ion-exchange process in a soda—-lime silicate glass was
studied at 330° as a function of composition of AgNU3-NaNO3 melt, mixing
condition and exchange time. The concentration profile of silver In glass was
measurcd Ly atumic absorption spectroscopy and SEM technique. The surface
index change and the 1index profile were determined from mode 1index
measurement. An excellent correlation between the index profile and diffusion
profile was observed and an empirical linear relation between the surface-
silver concentration and the surface~index change was obtained. Ion-exchange
was modeled by an ion diffusion 1limited process {in the glass with an
equilibrium chemical reaction at the melt-glass interface. A large value of
75 for the equilibrium constant at low silver melt concentrations (<1O"2 mole
fractions) shows that uptake of silver in glass varies in highly nonlinear
fashion with the melt concentration. The results provide boundary coanditions
necessary for solution of the diffusion equation and design of single-mode

waveguldes.
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I. Introduction

The binary exchange between Ag+ and Na¥ fons in soda-lime glass has been
successfully used by many researchers to fabricate passive waveguide
components for applications in optical signal processing and sensors [1-10}.
Basically, there are two approaches to waveguide formatlion by {ion-exchange.
In one method [7,8], a silver film 1Is first deposited on a glass surface.
Then lon exchange between Ag+ and Na' 1is effected at elevated temperature by
field-assisted diffusion. Experimentally it s found that an external
electric field is necessary for 1ion-exchange to occur from a metal film. In
an alternative and widely studied approach [1-6], a glass substrate is
immersed in a binary molten salt bath of silver and sodium nitrate. When pure
AgNO3 melt 1s used, large surface index changes ( 4n~0.1 ) are obtained
associated with the 1large sillver concentration in the glass matrix which
causes scattering and absorption. Both these mechanisms are caused by
reduction of silver to the zerc oxidation state [6].

Single~mode waveguides made by both processes are shallow, and the mode-
field distribution 1is not compatible with that of conventlonal single-mode
fibers. In addition, lon-exchange times usually are relatively short (~ few
minutes), thus producing uncertainty and {rreproducibility in the wavegulide
characteristics. In order to circumvent these problems, very dilute
concentrations of Ag+ fons in NaNO5 have been used. These low concentratious
are achieved either by using an initial molten salt composition dilute in
AgNOjy {3,4,9] orxby releasing silver lons electrolytically from a pure silver
cathode into an {intially pure NaNOj melt [10]. The surface index change and
the index profile depend strongly upon the silver concentrati{on in the melt.
A very low silver concentration, NAg’ {n the NaNOy melt ( ~ 1074 mole

fraction) fis necessary to obtain the desired single-mode waveguides [9]. The
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electrolytic release technique allows on-line control of melt Ag+
concentration and therefore control of the 1index profile. As the surface-
index change Is expected to be a linear rtunction of the concentration of
silver fons In the glass [1l1], it is necessary to understand how the silver
ion Intake by the glass 1is affected by the process parameters in the ion-
exchange technique (e.g., melt Ag+ concentration, exchange time, temperature,
melt mixing condition). 1In particular, knowledge of the Ag+-Na+ {on-exchange
equilibrium isotherm 1s necessary to establish the correct boundary condition
" for solution of the diffusion equation. The calculated concentration profile
in the glass is directly related to the index profile which can be verified by
optical measurements or analysis of back-scattered electrons in a scanning
electron microscope (SEM) [12]. In this way, the validity of assuming a
constant interdiffusion coefficient can be checked [3,12].

Previocus studies of lon-exchange equllibrium in glasses include the early
work of Schulze [13] and 1later, the ploneering work of Garfinkel [14]
involving several catlion pairs. In both these studles, the silver cation
concentration was relatively large (NAg > 0.1). More recently, Stewart and
Laybourn [3] reported a study of Ag+ - Nat exchange in the concentration range
required for fabrication of single-mode waveguides ( NAg ~ 10_4 ) . The Ag+
surface concentration in glass was obtained indirectly by optical measurements
on fabricated waveguides. There are, however, two disadvantages in this
method of determining surface concentration. First, the WKB method emploved
to determine the mode indlces is subject to error under conditions where the
wavegulde supports only one or two modes. Also, the assumptlon of complete
fon-exchange (all surface Na* ions tn glass are substituted for Ag+ fons) may
not be valid. For example, in the case of K'-Na¥ exchange from pure KNOj3

melts, only 907% of Na* sites at the glass surface a;e”:eplacedAby,Kf [15]. 1Im
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this work, the absolute concentration of Ag+ lons in a soda-lime glass was
measured by atomic absorption spectrometry (AA) for glass compositions that
have been used to successfully fabricate glass waveguldes of desired and
reproducible characteristics [9,10,12,16]. The measured surface-silver
concentration has been related to the surface index change (An) derived fron
the mode indices.

II. Theory:

A. The Diffusion Equation

The time dependent one- dimensional continuity equation for Ag+, can be

written as [17}:

§

adAg 3 e aNAg ) )
ot Ix I x
—_— CA +
where NAg = —:;5———: Is the mole fraction of Ag in the zlass phase,
C. +C
Na Ag

Ci is the molar councentration of 1{ion {, and 3 {3 the interdiffusion

coefficient given by [138]:

D = —— ———— 10, (2)
i +
Ag DAg NNa DNa

zZl

In this expression, Di 1s the tracer diffusion coefficient for 1ion { in the

glass (self-diffusion coefficlent) of the respective lon. The coefficient n

is related to the concentration derivative of the ag* activity ia the gzlass

(see Section II 3).

In the case that D =D or N <K 1, the

Ag Na Aa interdiffusion

coefficlent D is directly proportional to the self-diffuslion coefficient of

silver, 5Ag' Thus, under conditions of low silver concentration 1in the

glass, DAg 1s expected to be approximately constant and_the_assumption of a
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concentration independent interdiffusion coefficient 1s valid. As previously
mentioned, one of the objectives of this study was to determine diffused Ag+
concentration profiles produced under typlcal process conditions and thus
identify the concentration range for which the above assumption is valid.

With the assumption that D is independent of ﬁAg’ equation (1) reduces to

on,, R
I e B (3)

With the {initial and the boundary condlitions.

+

NAg (x,0) =0 at x » 0

N (0,t) = N.2 = constant
_Ag Ag
N_-\g (=,t) =0,
the solution to equation (3) {s [17]:
- -5 )
N X, = N e (x/W ), ’
JAE (x.t) Aw erf ((/XO) (%)
where W= 2 /Dt o= 2/ “5\«t , ()

B. Ion-Exchange Equilibrium

Upon immersion of the glass substrate {n the salt solution, Ag+ is driven {nto

the glass by an interphase chemical potential gradient [18]. To preserve

charge neutrality, an equivalent amount of charse (l.e., Nat) is transported

in the opposite direction. The Ag+ - Na* binary exchange process can be

described [l4] by the following chemical reaction:
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oo+ -
Ag + la Ag + Na . (6)

where the bar indicates cations in the glass phase. In a liquid-solid phase

exchange process, the rate of ion exchange may be limited by the following

processes:

(1) Mass transfer of reactants to and removal of products from the
reaction interface in the melct.
(i1) Kinetics of the reactlion at the interface.
(111) Transport of ions in the glass phase.

Transfer of <cations {in the melt can take place by diffusion and
convection (natural or forced). Natural convectlon {s driven by density
variations and 1s not expected to be a dominant mechanisr. because of
isothermal operation and small exchange amounts. By proper arrangement of the
exchange geometry f(horizomal placement of the slass at the top of the melt)
solutal-driven natural convectlion can be eliminated. Forced convection can
have a significant effect on ion transport in the bath wmelt. A hydrodynamic
boundary layer, however, will develop near the solid surface; the extent of
the boundary layer depending on the geometry. Ion diffusion i{s the mechanism
ror an

of transport im a stagnant melt or across a stagnant boundary laver.

infinite composite medium, Crank [17] gives the concentration in the nelt as

-0 - e = 1/7
0 : Ag JA\'J 1/’7 “‘;\\' Dr\f‘ i TN
NA’ = (NAG/{1+ Wﬁ' (F)._z.) -}] [1 + Wl ( D——)— ) erfc (X/QV/I)\,C)J
& 5 Ag TAg CAg Ag e
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where Ni, and DAg are the silver concentration at the melt-glass interface
Ag

and diffustion coefficient in the melt and the bar slgnifies these quantities
{n the 21 Wh th ntit (ﬁo / No) (D, /D )yzis small compared t

n e glass. en e qua y Nag AL Az’ Pag p o
unity, the concentration is nearly constant {n the melt and the diffusion
resistance 1In the melt 1s small. The value of this quantity at conditions
investigated 1In this study 1s on the order of O0.1. The wvalues of
the BAgand { ﬁig/ Ni ) were taken from the results reported here and the vaiue

Ag

of DAg according to Inmann and Bockris [19]. Thus lon diffusion {n the melt

is not expected to be the major resistance iIn the exchange process.

Forced convection {n the melt can be achieved by stirring the melt to
increase the melt mass transfer rate. Reaction rates are generally rather
fast and the limiting process 1Is expected to be transport of Ag+ in the
glass. This transport occurs by ion diffusion and the equilibrium state of
reaction (6) specifles the surface boundary condition for this diffusion
process. Control of the surface-index change and the catlon exchange profile
in pglass 1s affected by manipulating this boundary condition and the cation
transport properties in the glass.

The equilibrium constant for reaction (6) is defined as

a a
¢ - _Ag MNa (N

a a
wa Ag

where the a; 1s the thermodynamic activity of Na or Ag. The value of K is 1
function of temperature and the composition of “he glass and melt., For molten
salts, the standard state {s normally chosen to be the pure molten salt it the
temperature of Interest. The reference state for the glass phase is taken as

that in which all of the exchangeable cations are of the species In
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question. The ratio of the molten salt component activities for AgNO3-NaNO 4

is well represented hv regular solution theory (20}

o

a N
Ag _ Ag _ A _

In (—B—) = In (—2—) - = (1 -22) ,  (8)
Na Na

where A is the net interaction energy which 1s assumed to be {ndependent of

temperature and melt composition. The measurements of Laity [21] at 330°C

suggest the value of A equal to 3515 J/mole for the AgNO5 + NaNOj melt.

The ratio of component activities 1in glass can be represented by an

emperical n-type model, first suggested by Rothmund and Kornfeld [22],

a A EA n
—£ = (=5 (9)
a Na NNa

Garrel and Christ [23] have shown that this empirical relationship 1is
equivalent to regular solution theory for Intermediate slass compositions.

Substitution of the activity ratios in equation (7) gilves

. —

A N\g
W) + Tr— (1 -2 .qu) =n ln(—-—*—_—) - ln K (10)

If the activity models used to describe the solutlion behavior of both phases

are  valid, a plot of the left  hand side  of  (10) versus
1n { ﬁAg /(1 - §A5> I should vield a straight line with slope

and intercept equal to 1n{1l/K).

equal to n




IIX. EXPERIMENTAL PROCEDURE

The ion-exchange of Ag+ with Na¥ in soda-lime silicate glass was carried
out at 330°C as a function of time, AgNO5 - NaNOj melt composition and melt
stirring couditfon.

A summary of the experimental conditions 1s given 1in Table 1. The
composition and density of the soda-lime glass used in the experiments 1s
given in Table 2. Precleaned glass slides were rinsed in de-ionized water,
allowed to dry and then placed In a sample holder prior to each experiment.
The bath, sample holder and stirrers were all constructed of aluminum. The
temperature was controlled to * 2°C and monitored by a thermocouple housed in
a stainless steel sheath.

After exchange, the glass sample was removed from the melt and allowed to
cool. It was then washed in de-ionized water to remove adsorbed salt. The
glass was then etched in steps of ~ lum in a 0.58 wt. percent HF solution.
The resulting etch solution for each step was analyzed for silver in a Perkin-
Elmer Model 280 atomic absorption spectrophotometer calibrated with standards
of known concentration. The estimated precision of the measured concentration
is + 0.03 cation fraction and of the depth is * 1.6 x 10-6 cm, In this manner
concentration profiles of silver in the glass matrix were determined. It was
observed that the profile data agrees very well with the erfc functionality
expressed in equation (4). The best fit to the data was used to derive the
value of surface concentration N,°. This extrapolation procedure to derive

Ag
EAZ 1s reasonably accurate for low melt concentrations (NAg< 10_3)
since the silver concentration profile resembles erfc. At higher melt concen-

trations however, the profile 1Is slightly altered and the extrapolation may

cause errors on the order of 10% in ﬁ\;.
IS
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Waveguides fabricated from the same batch were also analyzed by SEM to
determine the silver diffusion profile. The experimental detalls are given in
Ref. [12]. i

In addition, planar waveguldes were characterized for the mode indices
using a prism coupler. In the case of waveguides which supported one or two
modes, the mode index data were correlated with the theory as follows: The
one~-dimensional normalized Helmholtz equation was solved for the measured

profile by a finite-difference method to obtain the mode indices of the TE

modes. The two parameters An and Wo =27/ Dt were adjusted to give the best
fit to the measured mode indices. When waveguides supported many modes (>6),

the inverse WKB method [24] was employed to give the index profile and the

surface-index change (4m).

Iv. RESULTS AND DISCUSSION

Fig. 1 shows the measured concentration profiles for some of the samples
listed in Table 1 (NAg = l.9x10—4). The fact that the profile for a given
melt concentration does not depend on the stirring condition suggests that the
ion-exchange process is not mass transfer limited in the melt. The data of
Fig. 1l can be adequately fit to the erfc index profile given by equations

(4,5). This 1indlcates that the interdiffusion coefflicient, D, is indeed

concentration-independent at low Ag® melt concentrations. The value of D

I

(2.2x10713 m2/s) as obtalned from the data of Fig. 1, 1is in excellent

agreement with that decived from measured optical mode indices and by the SEM

technique.

A comparison of the values of D obtained by varfous workers in similar
glasses 1s shown In Table 3 where we have extrapolated their data to 330°C

using an activation energy of 9.1x10% J/mole for _B_lB,Ql,A__aklthough our
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results are in close agreement with the results of these authors except those
of [5], close agreement 1is not expected a priori since the glass as well as
melt compositions differ considerably and the procedures for deriving the
values of D from the measured diffusion profile also vary. For example, in
the case of Ref. [28] the results were obtained by measuring the diffusion
depth of the step-like profiles observed in the presence of an applied fleld
and using the Einstein relation for the mobility and self-diffusion
coefficient of silver ions. The extrapolated silver cation fractions and the
corresponding melt cation fractions are plotted in Fig. 2 and, consistent with
equation (10), the plot is linear within the experimental measurement error.
A least-squares regression analysls of the data gives a value of n equal to
1.49 and K equal to 75. Thus, the partitioning of silver fons between the
nitrate melt and soda-lime silicate glass is nonlinear in the composition
studied. This non-linear behavior indicates that the assumption of concen-
tration independent D s valid only at very low melt concentration of silver

(N5 € 0.1 or equivalently Ny, < 2x107%).  For Nyg > 1073, almost 257 of the
sodium ions in the glass are replaced by silver ions. For these compositions
the first term in the denominator of equation (2) cannot  be
neglected and D becomes concentration dependent. This 1is evidenced by a
change in the concentration profile which is not consistent with equation (4)
as discussed in Section II-A.

The results of these equilibrium studies are compared in Fig. 3 to the
smoothed measurements of Schulze [13] in a soda-lime silicate glass. Using
the same regular solution description of the melt, the values of n and X
derived from the data of Schulze [13] are reported to be 1.03 and 120. Flgure
3 also shows the 315° equilibrium results of Stewart and Laybourn [3]

determined In a glass similar to that studied in_thls work. The reported
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values of n and K are 1.32 and 131. The value of n reported in this work is
close to the value of 1.4 reported by Garfinkel [4] In a borosilicate glass.
The differences in the values of the exponent are probably related to
differences 1In glass composition and/or structure. The wvalue of the
temperature dependent equilibrium coanstant 1s 1In failr agreement with the
results of Schulze [13], Stewart and Laybourn [3], and of Doremus [25] in the
high silica phase of two-phase pyrex. The results of our work suggest a large
value of the silver partition coefficient, similar to the values determined by
silver fon tracer diffusion studies in soda-lime glass [19]. Fig. 4 shows the
correlation between 4n and EAZ as a function of NAg' As expected, the two
quantities obey a 1linear relationship, with 4n = 0.1 ﬁAg for this glass
composition. These results are in agreement with those of Fainaro et. al.
126] who used energy dispersive x-ray spectrometry for concentration
measurements In a soda-lime glass of composition similiar to the one reported

in this work.

The large value of equilibrium constant which 1Is responsible for the
steep slope of the ﬁAg vs. NAg curve in Fig. 3 has important implications in
batch fabrication of single mode fiber compatible waveguides using the Ag+—Na+
ion~-exchange process. Such guides are required to have diffusion depths of
the order of 10 um which translates {nto peak Index changes of the order of

An = 3x10'3. Such small changes can only be achieved at very low melt

4

concentrations (NAg ~ 10 ). Preclise control of the melt concentration at

values of NAg < 10-4 is required to achieve adejuate reproducibility {in the
wavegulde characteristics. This can be achieved by using an electrolytic
technique [10] for release of silver ions In the melt and insitu galvanic

potential measurement to determine NAg and thus provide a feedback control

loop [27].
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V. Conclusion:

: The Ag+—Na+ fon-exchange equilibrium has been studied under conditions
[ used for fabrication of optical waveguides in soda-lime silicate glass. The
|
concentration profile of silver in glass was measured by atomic absorption
spectroscopy and analysis of back-scattered electrons in SEM. The surface-
index <change and the Interdiffusion coefficient were determined from
v measurement of mode Indices using a prism coupler. The ion exchange process
was modeled by an {fon diffusion 1limited process in the glass with an
" equilibrium chemical reaction at the melt— glass interface. The value of the
equilibrium constant, K, was determined assuming a regular solution theory for
the thermodynamic activity of the catlons in the melt and an n-type behaviour
in the glass phase. The large value of K indicates that the uptake of silver
in glass varies in a highly nonlinear fashion with melt concentration. The
results are in reasonable agreement with previous studies on similar glasses
at higher melt concentratiouns. The surface-silver melt concentration NAg
was correlated to the surface-index change and a 1linear relation,
An = 0.1 EAZ, was empirically determined for this glass composition. It was

found that the interdiffusion coefficient is concentration independent at low

melt concentration and excellent agreement was observed in the concentration

) values obtained by AA, SEM and optical techniques.
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Figure 4.

Concentration profiles of silver from a silver nitrate-sodfium
nitrate melt into soda-lime silicate glass at 330° for 60 min. NAg
= 1.9 x 10-4; V -sample A, -sample B, A -sample C, <> —-sample

D, o -sample E.

Test of melt regular solution and glass n-type behavior for Ag+-Na+

exchange in soda-lime silicate glass.

Partitioning of silver between silver nitrate-sodium nitrate melt

and soda-lime sillcate glass at 330°C. (1) O) Experimental

data, calculated isotherm with n = 1.49 and K = 75; - - -~ -,
calculated isotherm with n = 1.08 and K = 120 from reduction of
measurements of Schulze; [3] --- - --- - =—- calculated isotherm

with n = 1.32 and X = 131 from measurement of Stewart and Laybourn

{3].

Variation of the surface-index change (4n) and the surface-silver

= 0
concentration NAg with the melt concentration (NAg)'

208




Table 1. Summary of experimental conditions for lon-exchange
studies at 330°C.

Sample Nag Time (h) Number of stirrers
A 1.90 x 1074 1 0
B 1.90 x 1074 1 0
c 1.90 x 1074 1 1
D 1.90 x 1074 1 1
E 1.90 x 1074 1 2
F 1.90 x 1074 3 1
G 1.90 x 1074 4 1
H 9.97 x 1074 4 1
I 1.97 x 1073 4 1
J 4.06 x 1073 4 1
K 8.03 x 1073 4 1
L 1.20 x 1072 4 1
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Table 2. Chemical composition of Fisher brand glass slide (wtZ).

Oxide Welght 7%
S10, 72.25
Na,0 14.31
Ca0 6.40
Al,04 1.20
K50 1.20
Mgz0 4.30
Fe,04 0.03
803 0.30

Density = 2.4667 g/cm3
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Table 3. Interdiffusion Coefficients (330°C).
Reference D (10 15m2/s)
This work 2.2
3 2.06
18 2.47
23 1.77
5 7.1
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Abstract

We describe fabrication and characterization techniques for aqlass waveguides for inte-
grated optical components usina ion-exchanae technique, with emophasis on silver-sodium ex-
change in soda-lime silicate qglass. A systematic study of the relationship between process
parameters and wavequide performance is presented with the objective of optimization of the
1-0 components for fiber compatihility.

-

I. INTRODUCTION

- Passive glass wavegquides made by iorn-exchanqe techniaque are considered to bhe nrime
candidates for I-O device applications such as star couplers, access couplers, wavefront
sensors, multinlexers, demultiplexers, and in sensors such as qgyroscones. The importance of
the glass wavequide-based I-7 components is borne out by their compatibility with optical

fibers, potentially low cost, and low pronagation losses. However, strict tolerance re-
quirements avre placed on passive comnonents as the qlass index cannot bhe varied by
application of an external field. Fabrication of devices such as multiplexers calls for

repzoducibility in the propagation constant of the quided mode to an accuracy of better than
10”49, In order to fabricate glass wavequide devices with such reoroducible charac ~»ristics,

it ie necessary that the role of processing parameters on the wavequide performance be well
understood.

Jon-Exchange Process

Optical wavequides i - R substrates « e fabricated hy ion-exchange ptocess1 which
creates a layer of hic . re’r tive index near the surface of the substrate. This is
accomplished hy diffusi. _f a m. dvalent cation of higher folarizahilit e.q. cst, wvt, kt,
Ag*, T1* into the glass matrix . ere it exchanges with Na® or X7 ions.”” Of the various
ions exchanged in gqlass by diffusion, each one has its advantages and disadvantaqes. Most
of the work published in the literature is based on kt-nat or Agt-wa*t hinary systems. kt
can be easily incorporated in soda-lime,” borosilicate or pyrex glasses from pure KNO,

melt. The accompanying surface-index change is small (~QH919 and the diffusion process is
characterized by a small diffusion coefficient (D~2x107""m’/s at 385%C). Thus large Adif-
fusion times (~ few hours) are necessary for suitable waveguiding to occur. kt-Nat e xchange
has bee% used for fabrication of channel waveauides, star couplersq and Adirectional
couplers for single-mode device amnlications hut the structures have not heen optimized

either for the waveguide losses or for their compatibility with optical fibers. Moreover,
the resulting wavegquides are observed to be hirefringent.

Aqt-Nat Fxchange

The hinary exchange of Ag*-V¥a™ is hy far the most researched technique:10-18 ana in
the following we will emphasize this process varticularly. When nure AgNO4q melt is used,
large an (~0.1) wavequides are obhtained which have some disadvantaqaes: A large silver
concentration in qlass causes coloring due to silver reduction: single-mode guides are
shallow (~ 2 uym deep) and thus incomnatible with optical fihers used in ontical
communications svstems. Moreover, the Aiffusion time is rather short (~ minutes), therehy
causing uncertainty and lack of reoroducihil%tv in wavequide characteristics. Nilute
solutions of AgNO5; and NaNO,; are therefore usedl3+:1% to allow lower an and more controllable
dAiffusion times (~ 60 min.?- A very low ionic concentration (N\~ “" mole fractions) of
silver is necessary to obtain sinqgle~mode wavequides with Aiffusidh depth compatihle with
singe-mode fiber cores. This is attributed to a relatively large nartition coefficient of
silver in soda-lime qlass as determined by ion-exchange equilibrium studies. The results
{shown in Fig. 1) show uptake of Agq* Ly glass is a hiahly nonlinear function of silver melt
concentration and a slight variation in its value is expected to cause large chanqes in the
surface-index chanqe. This accentuates the reaquirement for a tiaqht control of N5 . Such a
control nay be achieved hy on-line monitoring of Npq Usina a concentration cell, qre!e sing
silver iocns into the molten NaNN, salt hath hy the electrolytic relecase technique and
controlling the concentration using a feed hack loon.
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II. PROCESS PARAMETERS AND WAVAFRGUINF. CHARACTFRISTICS

For 1-0 applications it is desirable to fabricate wavequides with low nropagation loss
and desired refractive index profile. The propagation losses are dominated by abhsorption
primarily due to presence of foreiqn impurities in the suhstrate qlass and the scatterinqg
contributions caused by the glass inhomoaeneity and surface or geometric imperfections. Ry
careful i%oice of the host qlass, absorotion losses as low as N.N7 AR/cm hav? been
ohtained. Scattering losses, on the other hand, are generally introduced in the
processing steps. DNopants introduce additional Rayleigh scattering to the background losses
caused hy the multicomponent nature of the qlass. Reduction of the incoming ions to
matallic silver in the glass matrix can qive rise to additional 1losses. Surface irrequ-
larities invariably interact with the propagating field and contribute to 1losses hv
scattering. This can be minimized bv hurving the wavequide under the alass surface by
carrying out a two-step icn-exchange process. In channel wavequides, the impertect wall
boundaries caused during the photolithoqraphy mav introduce additional 1loss. This loss
contribution is 1less serious, however, since the Adiffusion process smooths out such
irreqularities. Finally, in devices, the waveguides invariably ao throuah hends, hi-

furcations or tapered transitions. These transitions have to bhe desidqned carefully to limit
the radiation losses.

-~

The refractive i.idex profile on the other hand, depends on various parameters in an
intricate manner. The composition of the host glass, the nature of the incoming ion and its
concentrationn in the melt, the diffusion temperature, time and the maqnitude of the
externally applied field, all affect the index profile.

The modelling of the dAiffusion nrofile in glasses requires a knowledagqe of the boundary
and initial conditions and solution of the diffusion eaquation which involves parameters
such as surface concentration, diffusion coefficient ¥ and mobilitv u of the incoming ion
and their temperature dependence. These parameters are determined v first fabricating a
planar waveguide and measuring the absolute concentration profile. The diffusion width Wo
is related to the diffusion coefficient D via Wo = 2/t where t is the diffusion time._ The
surface-index change An is linearly provortional to the surface-silver concep&ration No in
the glass and can he either derived from empirical formulas given by Huaains or measured
optically. The mobility u is obtained by fabricating a nlanar waveauide in presence of an
applied field F and fitting the resulting concentration (index) profile to an ana%xtical
solution of the Aiffusion equation using previously determined values of ff and an. u is
kept as the €ittina parameter as it cannot he determined from D since the FRinstein's
relation does not hold in glasses. Once these parameters have bheen dJdetermined, two-
dimensional Aiffusion equation can be numerically solved to predict the channel waveguide
diffusion profile for a given set of processing conditions. The propagation characteristics
of the resulting wavegquides can he calculated by solving the two-iimensional Helmholtz
equation gsizq one of the several numerical methods developed for arbhitrary index
profiles.2 - A comparison of the theoretically predicted oroperties with the

characterization results provides the necessary correlation to ontimize the processing for
specific waveguide properties.

ITI. PFABRICATION

The schematics of the Aq+-'~1a+ ion-~exchange technique from molten salts is shown in Fig.
2. The melt is held in a crucible or heaker which is kept at a constant temperature by
enclosing it in a furnace. The melt consists of the appropriate salt as the source for the
diffusing ions. The desirable characteristics which infltuence the choice of the salt for a
given ion are its melting point and the dissociation temperature. Nitrate salts have been
used extensively as they have some of the lowest melting temperatures and exhibhit reasonahle
stability. The Aiffusion temperature is adjusted to control the rate of diffusion. 1In =some
cases, melting temperatures can he lowered hy using a mixture of two nitrate salts. For
example, pure KNO; melts at 334°C and pure NaNO, at I07°C: however, a mixture of 10 wt %
KNO, and 90wt% NaNO,; melts at 290°C. In the schematics of Fia. 2 s{;ver ions are released

’

electrolytically and their concentration measured during diffusion.

For planar wavequide fabrication, polished glass subhstrates are immersed in the molten
bath by using an aluminum sample holder. Strip wavequides are prevared hv first carrving
out photolithography to create masked reaions of aluminum or some other material such as
Al,yNg, $i0,, etc. First a 1500-2000 A°® layer of aluminum is aevavorated on the glass
surface. A photoresist layer ~lum thick is then spun over the Al layer. The glass is then
baked at RQO°C for ahout 7?5 min. and then the photoresist layer is exposed to ultra-violet
radiation under the appropriate mask. Fnllowing this, the exnosed ohotoresist regions are
developed and the underlving atuminum layer is removed hy aluminum etch. These qlass
samples are then immersed vo brina the masked surface in contact with the molten salt,
permitting ion-exchange in the open regions (channels).

In order to apply the electric field during the {ion exchange nrocess, two aporoaches
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have been implemented. In one case, the neqative electrode consists of a platinum wire
pressing aqa1@§t a gold film evaporated on a thin chromium film on‘the back surfaqe of the
glass sample.” Chromium is helpful in making a good contact with the qold film, An
alternative to the gold film is to use a molten salt mixture. This eliminates the step of
evaporating gold and therefore, is the less expensive method. The melt has to be Xept
hubble-free to assure uniform field across the substrate. Tn either case, the Aanode
consists of a platinum wire immersed in the molten salt as shown in Fig. ?. The resistivity
of the melt depends on its comnosition and temperature and there is a potential drop across

the melt which may be of the ordgr of 10% of t T\total annlied voltage for 1mm thick soda-
1ime glass substrates with 4- cathode area.

Iv. CHARACTERIZATION

The important characterizaticas of passive wavequides include measurement of index

(dopant) profile, propagation constants of the quided modes, attenuation and mode field
pattern.

There are two different approaches for measurement of the refractive index profile in a
glass waveguide fabricated by ion-exchange process. One of these involves measuring the
dopant profile using analytical tools such as electron or ion mxgroprohe, analysis of back-
scattered electrons in a scanninag electron microscone, or atomic absorption
spectrophotometry. The other alternative is to carry out optical measurements of
parameters such as surface reflectivity or mode indices of the quided modes. Thg
data are then used to derive the index profile by using inverse WXR approximation
works well only for highly multimode wavegquides with gqraded-index profiles.

latter
which

Concentration Profile

Electron microprobe has been used to measure the profile of the diffusing ion.3 In
this technique, the high-enerqy electrons are collected and analyzed for the concentration
of the ion of interest. The results have to be analvzed carefullv as the bresence of other
ions e.q. cat*, al***, mg*t etc. in the glass may give rise to spurious effects.> FElectron
microprobe is universal in the sense that any ion can he analyzed. However, sensitivity
depends stronglvy on the ion with the result,the data can be verv noisy to draw useful or
definite conclusion, particularly if the concentration_of the ion is extremelv low, such as
the case of Agt-Nat exchanged sinale mode waveaquides. Spatial resolution of the order of
2 pm is typically achieved, making the technique suitable for multimode wavequides only.

Scanning electron microscope can he used for determination of the
ways. One either anal%zes tle x-rays (enerav dispersive spectrometry, FNS)
of the ion in %uest1on or, alternatively, analvze the back-scattere?

nrofile in two
characteristic
electrons originating

from the ion.*“ Both have been successfully used to measureae kq+ concentration in multimode
soda-lime glass wavequides. The resolution is of the order of 1 um and since the sratterlng
efficiency is higher for ions of larger atomic numhers, onlv heavier ions such as Cs‘

and AgT may be amenable for this analvsis. High mobilitv of ions such as sodium under the
beam precludes their measurement using this method.

Atomic absorption smectrophotometry is an analvtical tool for concentration measurement
of any element. Here a thin laver of the sample surface is etched using HF acid solution
and the solution is analyzed for the ionic concentration. Subhseauent etchina is perForm?g
and the analysis repeatedly carried out until the concentration profile is determined.
Depending on the diffusion depth, and the spatial resolution desired, the numher of stens
may be anywhere between 10 and 20, The technique is destructive but is capvable of giving
absolute concentrations without a great deal of effort.

Refractive~Index Profile

Although for low concentration of the Aiffusing 1ions qenerallv encountered
exchange problems, the concentration profile aives the refractive index nrofile, there are
cases where this is not true. Tn fact, it has bheen shown recently that Huagins relation,
widely used for predictina the index change upon suhstitution of the bhost ion by the
Aiffusing ion, Adoes not hold in certain casesg_such as when Aqt-Ya* exchanae occurs from nure

Ag NO3 melt in high-content sodium qlasses. 7 Thus, it is of qreat impo:tance to know the
index profile directly.

in ion-

There are several
include interferometry,
the mode indices data.

techniques for measurement of the index profile in waveaquides., Thege
reflectivity measurement and the inverse WKR method which relies on

Interferometry is hy far the most accurate and direct technique. Here, monochromatic
light beam is split into two arms of a Mach-7hender interferometer. One heam passes through
A thin (~30um) polished sample and the other through a reference ohiect. The two beams are
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combined at a detector and the resulting interference pattern is recorded. The fringe data
{s converted back into index information and two-dimensional profile can be obtained. The
Aifficulty lies in the sample-oreparation which is time consuming and lahorious. Moreover,
it is a destructive method. Commercial interference microscones are not readily available
and consequently one has to bhuild his own equinment.

The two-dimensional index profile can also he determined by measurinq7£eFlectiv1tv from
polished faces with the aid of an ontical multi-channel detection svstem.” The surface of
the sample is first heveled to a small anqle (few Aegrees) and then {lluminated at normal
incidence in an optical microscope. The two-dimensional reflectivity is measured by a
vidicon tube attached to the microscope. The index dAistribution is calculated from
Fresnel's formula. High spatial resolution can bhe easily achieved bhecause of the
beveling. The system can be calibrated by measuring the reflectivity of a known sample. It
is necessary that the vidicon resnonse be linear for the intensitv levels involved. The
system should be capahle of accounting for the strav light. Requirment of abhsolute
measurements of power levels make this technique subiject to error. However, the resolution
of index change measured is limited to 1077, making this method suitahle only for multimode
quides.

Although both the methods descrihed ahove vyield the index distrihution in two
dimensions, they require absolute measurements of jllumination. Another method which yields
the index profile of the wavequide relies on the measurement of mode indices. Thii can be
easily accomnlished by the prism coupler technigque with accuracies apnroaching %éln' . From
the mode-index data, the index profile is derived using the inverse WKR method. While this
method gives reasonably good results in the case of FRFC and exponential prn;éles, there are
serious problems in Adetermining the refractive index near the glass surface as well as at
the profile tails (where it approaches the substrate value and mode index values are
{naccurate). Thus, care should be taken when the index profile is flat (as in the case of
Gaussian or step-like profiles) or if there are sten-like transitions such as the case of
electric-field induced ion-exchanae or the Cs*t-Nat ion-exchange (where the double alkali
effect glves sharp, step=like proF%1e4). Moreover, the WKR approximation is known to be
erroneous near the mode cut-.oF.Es.‘g The method mav thus aqive reliable results for
determining dlffusion depths hut the value of surface-index chanae i3 always subiject to
error. In case of surface wavequides (such that prism coupling can be employed for
measurement of mode indices) with large number of 1uided modes, WKB method has been used
extensively for characterization of wavequides.?+7/11. 13 1n the Aqt-wa' exchanged single-
mode guides the index profile 1is FRFC when 1low concentration of silver in the
melt (A ~10 ) is used. W, and aAn are determined by fitting the measured mode indices to

those calcgﬁ?ted by solving the Helmholtz equation and treating W, and an as adjustible
parameters.

Attenuation and Mode Field Profile

The techniques for measurement of attenuation and mode field profile in ion-exchanged
wavequides are similar to those used in integrated omtics with Ti:LiNnO; wavequides. For
planar guides, attenuation can bhbe measured by the three-prism method. This method
measures total attenuation, 1i.e., contribution from scattering as well as ahsorotion.
Alternatively, scattering contrihution to attenuation can be measured independently by
probing a fiber tip along the wavequide and canturing the scattered sianal. The variation
of this signal as a function of propagation distance alona the wavequide is plotted to
determine the scattering loss. If the attenuation is helow N.1 AR/cm, neither the three-
prism nor the fiher probe m%Ehod is adequate and one resorts to resonant structures such as
Fabry-Perot ring resonator. Tn this case light is coupled into a ring wavequide from a
straight wavequide by distributed directional coupling mechanism and the output from the
ring is extracted in a similar fashion. By measuring the transmission of the Fahry-Parot as
a function of temperature, hoth the finesse and the contgast can bhe determined and from
these varameters the loss per unit pass can be extracted.'1 Another methol of estimating
propagation losses in single-mode channel waveguides is described in the following section.

Mode field profile measurement is of paramount importance in waveqguide
characterization. Fiber-wavegquide coupling, nerformance of the directional coupler,
curvature-induced losses, all depend on the mode field, Mear field method shown
schematig;lly in Fig. 3 is the most convenient and direct wav to measure the field
pattern,'” In fact, beside the waveauide mode field, the methol shown here allows
determination of various other narameters with very little additional effort. These are:
the fiber mode field, the fiher-wavequide coupling _loss and the promaqation loss in the
waveguide. The measurement procedure is as follows: )

Light from either a He-Ne laser or a 1.3 um semiconductor laser is coupled into a short
plece of a single-mode fiber. The fiber is either birefringent type so that it maintains
the linear polarization or in the caaa of conventional fihar, the fihar is kept aas atealdy as
possible to pravent polarization fluctuations and linear output polarization is achieved by
adjusting the compensator at the input end. Uinear polarization allows excitation o* either
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TE or T™ 1like modes in the guide. The wavequide output is collected by a high-quality
planar objective by imaqing the wavequide end on a phodetector/amplifier with a pinhole
mounted at its front end. The two-dimensional nearfield intensity pattern is measured by
scanning the detector horizonally and vertically and recording the signal from the lock-in
ampli-fier on a chart recorder or storing it in a computer. The Fabry-Perot effect caused by
the Fresnel reflections at _the fiher-wavequide qgap is taken care of hy adijustina the spacing
for maximum transmission. Fiber-near field can also be measured using the same procedure
after removing the wavequide. The magnification of the system is determined by imaqging a
known mask pattern at the detector face and scanning the detector.

In order to determine the fiber-wavequide throughput efficiency, the output from the
fiher is first measured. Then the waveguide is adjusted for maximum transmission and the

output oncg agqain measured. Accuracies of the order of 0.014AR can be achieved usinag this
procedure. 3

In order to derive the propagation losses from the measurement of fiher-wavequide
throughtput loss and the fiber and waveaquide mode pnrofiles, the followina procedure can bhe
used. The total throughput 1loss is made of three comoonents: 1) Fresnel loss due to
reflections of the optical field at the wavequide input and qutput interfaces, 2) the
propagation loss, and 3) mode mismatch loss due to Adifferent field distributions of the
single-mode fiber and channel wavequide, Since the rvefractive indices of the fiber anad
glass substrate are very nearly equal (1.4 and 1.51 respectively), the Fresnel loss is
small and can be made neqligible 1if the Ffiher-waveaquide spacing is adjusted for maximum

transmisg&on. The mode mismatch loss is calculated bhy evaluatina the normalized overlap
integral

—
I

Fe (x0y) Pq(x,y) dxdv]q- (1)

2R (x,y) dxdy]
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where E. (x,y) and E (x,y) are the mode field profiles of the fiber and
respectively. The moge—mismatch loss is given by -10 loqyqy n. If it

two mode profiles are Gaussian along both the x and y axes, then

waveguide
is assumed that the

4
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where w, and w, are the 1/e intensity full width and depth of the wavequide mode and 4 is
the 1/e intensity diameter of the fiber mode. Although the Gaussian mode aoproximation may
be reasonable for well-guided modes in Yburied channel waveguides where the field
distribution tends to be symmetric, surface wavequides with not-so-well guided modes deviate

from the Gaussian case and a numerical evaluation of intearal (1) is necessary to determine
the mode mismatch loss accurately.

Once the mode mismatch losses have been determined, the propaagation 1loss in the
wavequide is obtained hy subtracting is from the overall fiber-waveaquide throughtput loss.

V. OPTIMIZATION

Table 1 lists composition of a commercial soda-lime qglass which has been used for
fabrication of ion-exchanged wavequides, Fahricating planar auide in dilut?gcggcggtr
of AgQNO4 in NaNO4 melt, diffusion constant, An and y were measured at 330°C,!t7s 7' Using
these data, surface channel wavequides wers fabriacated at 330°C with mask width W. ranging
from 2 um to 10um, and characterized for their index profile, cutoff wavelenaths, and
modefield profiles.?7 Comparison of the surface-index chande an and diffusion demth W, with
the corresponding planar wavequides indicated that althougqh hoth aAn and W, for channel
wavequides are smaller than the corresponling values Ffor planar gquides, their values
incregge with increasinqg W, and anproach the planar values for W anproachiqz
6 um."’ Moreover, there was substantial side diffusion of silver under the metallic masks
(Fig. 4) which gave rise to highlvy elliptical mode field distribution. Sinale-mode
surface quides were obtained with diffusion times of 1 hour for 3 <W_< 7um. No external
electric field is necessary in the first step. €

ation

. A minimum fiher-wavequide throughput loss of 1.64R was obtained for channels 17 mm long
Wwith W, in the range of 5-6 um. However, when these wavequides were bhuried hy apolving an
efternal fleld in the second step, the resultina fiela
circular. Roth scattering and mode mismatch losses were
wavegquide throughput loss of 1 AR was achieved

Aistributions were quite
reduced and a total fiber-
for the same channels. T™his relative




insensitivity of the mode field distribution to the mask width is desirable for satisfactory
reproducibhility. The results show t the two-step ion-exchange process is essential to
get low loss symmetrical wavequides.- While index profile of the buried quide can he
controlled by adequate choice of D, MNpq, di ffusion times and the applied field, the pnsition
of the index peak depends only on the product of the applied field and second-step diffusion
time. It appears that the wavequides can be buried to desired denth %Qﬁ the index profile
can be tailored fairly independently bv a careful choice of parameters.

What is the reproducibility of these wavequides? In nlanar waveguides, the index
profile and the propagation constant have shown excellent reproducibility. Fven whe
electric field is applied, the propagation constant can he reproduced to better that 2x107
accnracy. In the case of channel wavequides, as pointed out earlier, the field profile and
attenuation are highly reprcducihle as they are relatively insensitive to the actual index
profile. But in devices such as directional couplers, it is not only the overlanp between
the fields of the adjacent guides which should be reproducible, but also their individual
propagation constants since the power transfer depends on the phase mismatch hetween the two
modes. Fxperiments are in progress at present to answer these questions as the feasibility
of mass production of passive waveguide components depends very criticallv on these issues.

Acknowledgement: This work was supported by Bell Communications Research and Air Force
Office of Scientific Research.

References

1. R.H. Doremus, "Ion Fxchange: A series of Advances," Fd. J.A. Marinsky, Vol. 2, Marcel
Dekker Inc., New York, 196A.

2 T. Izawa and H. Nakaqome, Apol. Phys. Tett. 21, SR4 (1972).

3. T.G. Giallorenzi, F.J. West, R. Kirk, R, Ainther, and R.A. Andrews, Apnl. Opt. 12,
1240 (1973). —

4. V. Neuman, 0. Parriaux, and L.M. Walnita, Flectron,. Lett. 15, 704 (1979).

%. T. Findakly, Opt. Fnag. 24, 244 (198%). -

6. G.L. Yip and .J. Albert, Opt. Tett. 10, 151 (1985).

7. J.E. Gortych and D.G. Hall, IFFF J. Duantum Flectron. OR-22, RA32 (1986).

8. G.L. Yip and J. Finak, Opt. Tett. 9, 423 (19R4).

9. T. Findakly and B. Chen, Appl. Phys. Tett., 40, 549 (1982).

10. J.G. Gallagher and R.M. de la FRue, Flectron. Lett. 12, 397 (1976).

11. G. Chartier, P. Collier, A. Guez, P. Jaussaud, and Y. Won, Appl. Opt. 19, 1092
(1980).

12. R.G. Walker, C.D.W. Wilkinson, and J.A.H., Wilkinson, Appl. Opt. 22, 1923 {(19R3).

13. G. Stewart and P.J.R. Lavbourn, I[EEF .J. Ouantum Flectron, OF-14,” 930 (197R),

14. R.K. Lagqu and V. Ramaswamy, Appl. Phys. Tett. 45, 117 (19R4).

15. R.K. Lagu and R.V. Ramaswamy, J. T.ightwave Tech. LT-4, 176 (19RA).

16. P. Chludzinski, R.V. Ramaswamy and T.7J. Anderson, Phys. Chem. Glasses. To bhe
published.

17. R.K. Laaqu, S.I1. Najafi and Vv, Ramaswamv, Appl. Opt. 23, 3925 (1984).

18. R. G. Equchi, E. A. Maunders and T1.X. Naik, Proc. S.P.I.F. 408, 21 (1983},

19. M.L. Huggins, J. Opt. Soc. Am., 30, 495 (1940),

20. R. V. Ramaswamy and S.1. Majafi, IFFF .J. Oouantum Flectron, NOF=22 RR3 (198&).

21. R. Tarai and R. Hayvami, .J. Non-cryst. Solids 1R, 217 (1975). ~

22. 6. R. Hocker and W.K. Rurns, Appl. Opt. 14, 113 (1977).

23. H. Matsuhara, J Opt. Soc. Am. A3, 1514 (1973).

24. R.K. Lagu and R.V. Ramaswamy, IEFF .,J. Ouantum Flectron., OF-22, 968 (19RA),

25, .J.M. White and P.F. Heidrich, App. Opt. 15, 151 (1976).

26. 1. Fainaro, M. Ish Shalom, M. Ron and S. T.ipson, Phys. Chem, Glasses, 15, 16 (19R4).

27. S.N. Houde-Walter and ND.T. Moore, Appl. Op. 25, 13373 (1986). -

28. H.J. Lilienhof, FE. Voges, N. Ritter, and R. Pantchew, TRFF .T. ONuantum Flectron,., OF-

18, 1R77 (19R2).

— 29, R. Srivastava, C.K. Kao and R. V, Ramaswamy, J. Lightwave Tech. Tn bhe published.
30, Y.H. Won. P.C. Jaussaud, and G.H. Chartier, Apnl. Phys. Tett. 37, 269 (19R0).
31. R.G. Walker and C.D.W. Wilkinson, Appl. oot. 22, 1029 (1983).

32. F.M. Sladen, D.N. Payne and M.J. Adams, Appl. Phys. Lett. 2R, 785 (197A).

33. p.f. Suchosko, Jr. and R. V. Ramaswamy, TREF .I. Ouantum Flectron, 1987, To he
published.

34. W.K. Burns and G.R. Hocker, Appl. Oot. 16, 2048 (1977).

35. H.C. Chenqg, R.V. Ramaswamy and R, Srivastava, Tech. Diqgest,
Index Nptical Imaging Systems, Reno, Nev., .Tan. 1987, pp. 52-54.

36. S. 1. Najafi and R, V. Ramaswamy, Tech., DNDiqgest, Conference on Inteqrated and Guided
Wave Optics, Altanta, Ga., Feb. 1986, np. AN-61.

37. H.C. Cheng, R.V. Ramaswamy and R, Srivastava, ‘'Fabrication, characterization and
modelling of channel wavequides with fiher-1ike mole profiles,' iinpublished.

Conference on Gradient-

221




e
Table I
Composition of soda-lime glass.
oxide Weight % Oxide Welight %
o2
sio, ‘ 72.25 e ! 2
Na~o 14.31 Maf 4.3
820 n.0
6.40 Fe,0 -03
cab . sn’ 3 0.30
Al,04 1.20 =03 :
Pensitv = 2.467 q/cm3
_ L 0.06
0.6 x W oag
o An * )
05 | o0s
. ,
X
0.4 | - 0.04 :
A Fig. 1. variation of sur-
: n Eace—?%ncentration of silver
o ions ) and surface index
. 0.03 . .
lz< 0.3 | change ?gn) with the silver
. melt concentration (NAq)'
X
02 | R | 0.02 .
[+]
o L 001
x
L T T T
0 20 40 60 80
4
NAg(X10 )
uﬂllsvll'rltﬂ
foan, ¥
T E
T{art aatuRy
P, N
- it o
- ” ot o
LT roni® - * Coaietin TR
: Fiaq. 2. Schematics of Ion-

DiGitaL
ok temaemet HE R

nlaNALUG
ELRTarT

———
oML 1
PRI,
.

[PTTRCTEY

‘f“E%:5

Com o bt mmX G

e
NPT iy N

: Sorsre AveL st A
B Gt nl | od e A o
R e

iy

I TP T PN RRE T

[EITETTINNY

sAmeLt wuin /S

snangn

SALT WATH

Elactralytic Ralgase Tacthiique For Favive Upticet Componenty

222

exchanage technique.




P
choppar our

HeNe laser

10n objlective

' 20x oblective
Complnlaloﬂol. moge /
\, ftoes Qefmantum
O Q T ermant
] / waveguide
Petlicie
An

beam apiltier

uoy
404, targe powar male
aperture

f ey

opjective L
Lock~-In
—*| emplilties
13 pm
semiconductor
laser
Fig. 3.

Schematics for near field measurement.

10um ——

Fig. 4. Silver concentration profile of channel wavequide.

223




REFERENCE [16]

ThC2-1

Buried Na+—Ag+ lon-Fxchanged Glass Waveguides:
Theory and Experiment

H. C. Cheng, R. V. Ramaswamy and R. Srivastava
Department of Electrical Engineering
University of Florida
Gainesville, Fl. 32611

Glass waveguides are generally fabricated by ion-exchange process by
immersing the glass substrate in a molten salt mixture. These waveguides have
the maximum index change at the glass surface, and their index profile depends
upon the diffusion time, the melt temperature, the compositions of the glass
and the melt, and on any applied electric field. The surface waveguides can
be buried by immersing them in pure salt bath and carrving out diffusion in
one more step with or without external field. Burying the waveguide under the
glass surface reduces the scattering losses arising from the surface irregu-
larities. The buried profile can be tailored to give desired waveguide
characteristics by changing the process parameters. Both planar and channel
Na+—Ag+ ion-exchanged buried waveguides have bheen reported [1-3]. Since the
silver melt concentration wused in these studies was relatively large

(N > 0.1 mole fraction), the resultant surface index change was also large

(an>~ 0.1), giving rise to either multimode waveguides or very shallow
single-mode guides, 1incompatible with single-mode ribers. Moreover, the
interdiffusion coefficient under these conditions is concentration dependent,
a fact that makes the solution of the diffusion equation more cumbersome.

To circumvent these problems, we have fabricated quasi-single-mgde huried
waveguides with very low melt concentrations (N, ., ~ 1074 - 107° MF) and
measured the silver concentration profile in the glass by analyzing the back-
scattered electrons in a scanning electron microscope [4]. Under these con-
ditions the diffusion is characterized by the self-diffusion coefficient of
silver in glass. The one-dimensional diffusion equation has been solved using
a very simple multiple integration technique. For the first time the result-
ing profiles have been correlated to the mcasured ones at such low-melt
concentrations by varying processing paramenters in a two-step ion-exchang.:
process in the presence of an external field.

We solve the one-dimensional diffusion equation

2
ac _  2%¢ aC

3t 2l E S (0

where C is the concentration, D the self-diffusion coefficient, and u the
mobility of the diffusing ion, respectively, in® the yglass, and E is the
applied field. D, y , and E are assumed to be position independent as well as
independent of each other. This is in contrast to the previous analyses where
D and u were assumed to be related via the FKinstein's relation. Since this
relation does not hold for glasses [5], this assumption is likely to give
erroneous results. Consider an arbitrary initial concentration C(x,0) = C,(x)
in the glass which can be approximated by

Cox) = z Clx )6 (x=x,) .
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For a linear system, the solution of (1) can be expressed as the summation of
all the impulse responses,

2
C(x,) (x—xi-uEt)h
C(x,t) =% ————i—-expf— —_—
[ — ‘ 4nt
i varDt

For the initial concentration given by the continuous function Co(x),
.1
@ C,(x")

Cx,t) = f _ exp{—
- /41Dt

(x-x'—uEt)2
4Dt

Since during diffusion Cn(x') is a time dependent boundary condition, C(x,ti)
is evaluated by dividing time into many small and equal steps of interval At.
Thus ti = iAt and

L o C (x") ' 2 .
Clx,e.) = [ oo [ L oyp[- %1 (dx)t . (2)
! —o -0 YDt t
i integrals
We have checked the accuracy of (2) for two cases where the solutions of (1)
are obtained in analvtical form: the single-step process with and without

applied field. In both cases the agreement was excellent.

The one-step concentration profile is next used as the initial condition
for the second step. It is assumed that there are no silver ions in the melt
and the electric field is sufficiently large to block the diffusion of Ag
ions back into the melt. The resulting index profile for the case of no
applied field in the first_step for u > -uE,t,/2/Dt, can be written as

@ C (u'v1) - - -

1 2
Clu) = | — exp[-(u-u')7]du' . (3)
0 v
where
) x—uEzt2 ' <!
uf —— ; uy' = ———
2/Dt, /bt

T = t2/tl

t; = diffusion time of the ith step, i = 1,2

E, = applied field of the Ind step
and

Cl(u'/?) = concentration profile of the lst step.

Eq. (3) was used to calculate index profiles and the resulting field profiles
of the guided modes using previously determined values of D and u [4] at
the _Rrocesggng temperature of 330°C and wmelt silver concentrations of
~ 10 - 10 MF. Under these conditions
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CU erfe(v¥t u') . (4)

Cl(u'/r)

Using (4) in (3) we have calculated the index profile, index peak position,
the waveguide width and the peak index change in buried guides as a function
of ty and EZ’ keeping E, = 0 and = fixed. The dependence of the waveguide
width is shown in [ig. {. It varies approximatelv as /tz, in agreement with
the experimental resules [4].

However, the calculated dependence on E, 1is not linear and shows a
smaller change with field E, than earlier reported results [4]. This dis-
crepancy is being investigatéi and the results will be discussed. The peak
position varies linearly with t, or E, as expected, whereas the peak index in
the second step drops rapidly to 10-15% of its initial (first-step) surface
value within 30 minutes; thereafter it decreases very slowly. The results
give the design parameters and show that fiber-compatible single-mode buried
waveguides can be fabricated from melt concentrations of the order of 1™ 7MF,
Propagation characteristics of these waveguides will also be presented.

This work was supported in part by Bell Communication Research and AFOSR
contract No. 84-0369.
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Process Optimization of Buried Ag+-Na+ Ion-Exchanged
Waveguides: Theory and Experiment

R. V. Ramaswamy, H. C. Cheng and R. Srivastava

Department of Electrical Engineering
University of Florida
Gainesville, Florida 32611

Abstract

We report optimization of the processing conditions for fabrication of
single-mode Ag+—Na+ ion-exchanged waveguldes in a soda-lime glass. The
surface-index change, the mobility and diffusion coefficient of Ag+ have been
measured at low melt concentrations and the results used for calculatifon of
index profile using a new simple numerical method for solving the diffusion
equation in a two-step process where the 1index profile is buried by applying
an electric field in the second step. The calculated profile is in agreement
with that measured. This correlation allows solution of the Helmholtz
equation for given process parameters. Single-mode waveguides with desired

mode-field distribution have been designed and fabricated with optimized
performance and fiber compatibility at 1.3 um.
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Process Optimization of Buried Ag+—Na+ Ion-Exchanged

Waveguides: Theory and Experiment

R. V. Ramaswamy, H. C. Cheng and R. Srivastava

Department of Electrical Engineering
University of Florida

Galinesville, Florida 32611

I Introduction

Glass waveguides are considered to be prime candidates for integrated
optic device applications such as star couplers, access couplers, wavefront
sensors, multiplexers, demultiplexers, and in sensors such as gyroscopes. The
importance of the glass waveguide-based I-O components 1s borne out by their
compatibility with optical fibers and potentlally low cost. In addition, they
have low propagation loss and can be fabricated and integrated into the system
with relative ease. However, unllke {its electro-optic and semiconducting
counterpart substrate materials (e.g., LiNbO4, GaAs, etc.), glass index cannot
be tuned by application of an external electric field, and therefore glass
devices must be fabricated with assured reproducibility within specified
tolerances. Fabrication of devices such as multiplexers calls for
reproducibility in the propagation constant of the guided mode to an accuracy

of better than 1074, In order to fabricate glass waveguide devices of such
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reproducible characteristics, we have studied the Ag+-Na+ exchange and
diffusion process 1in detail to understand the role of the processing
parameters [1-4].

It is known that when pure AgNO3 melt is used for the exchange process,
large An(~0.1) waveguides are obtained which have some disadvantages: a large
silver concentration causes coloring due to silver reduction; secondly,
single-mode waveguides are shallow and therefore, are Incompatible with single
mode optical fibers. Moreover, the time of diffusion involved 1is rather
short, thereby causing wuncertainty and lack of reproducibility in the
waveguide characteristics. Dilute solutions of AgNO; and NaNOj allow
achievement of lower An and more controllable diffusion times [1-6]. However,
in Ag+—Na+ ion~exchanged waveguides, the surface-index change and the index
profile depend strongly upon the melt silver concentratiomn [2,5,6]. In fact,
very low silver concentration in the melt | NA ~ 10"4 mole fractions] is
required to obtain single-mode waveguides. As the index change {s expected to
be a linear function of the concentration of silver ions In the glass, it is
necessary t. understand how the silver ion intake by the glass in affected by
the process parameters 1in the fon-exchange technique, viz; melt composition,

diffusion time, temperature, and melt stirring. To answer some of these

questions, an ion-exchange equilibrium study [3,4) was recently reported for

accurate determination of the boundary conditions for the solution of the

diffusion equation to calculate the index profile and correlate it with the

measured profile.

In this work, using the boundary conditions determined from the earlier

equilibrium study ([3,4] we have calculated the index profile by solving the
diffusion equation numerically using a simple impulse response technique. The

numerical method allows prediction of the profile for single-step as well as
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two-step process used for buried waveguides and can be used even when an
external electric field 1is applied during the 1lon-exchange process. The

theoretically predicted index profiles are 1in agreement with the results

obtained experimentally. A correlation between the theory and experiment

allows determination of relevant parameters such as the index profile, the

electric mobility of silver ions in glass, and the interdiffusion coefficient

for the given melt composition and other process parameters. The measured

parameters were then used to optimize the two-step process to obtain planar

" waveguides with desired mode-field distribution at a given operating

wavelength. It 1is expected that the results of this work will help in design

and fabrication of channel waveguides with desired characteristics and

waveguide-based I-0 devices for applications cited earlier.

I1 Theory

A. Diffusion Equation

The diffusion equation for the diffusing ifon A (silver) can be derived in

the following form [7]

3C, > 1 2
— = 4 EVC, | ]+ —2 D, V- C (1)
3t A A _ = = A A
1 o CA 1 a CA
Ha
where a=1l- — ; (2)
¥p

uy 1is the mobility of ion 1, E 1s the applied field, C

A is the absolute

concentration of fon A in glass,
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dln aA

and n =

— (3)
d9ln CA

where EA 1s the thermodynamic activity of the ion A.

Eq. (1) can be solved to obtain the concentration profile provided the initial
condition and the boundary conditions are known. One of the boundary
conditions involves knowledge of the concentration of cation A at the glass
surface which is a function of the melt concentration. Determination of this

" boundary condition was accomplished by ion—exchange equilibrium studies

reported earlier [3,4].

B. Solution of the Diffusion Equation

a) Diffusion without external field

Eq. (1) can be further simplified if there is no external field present
and Y 'E is set equal to zero i.e., there 1s no space charge present. In

this case it can be shown [8] that the two-dimensional diffusion equation

becomes

BNA 3 nDA 3NA 3 nDA BNA

e T (T e ) tay (. ) (4)
l"GNA y l_QNA y

where ﬁA Is the concentration of silver in glass in mole fractioms.

In the case of planar waveguides (4) reduces to the one dimensional diffusion

equation which is normally written as

—5;—) (5)

Z (6)
N
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For NA << 1 as in the case of single-mode Ag+—Na+ waveguides,

D = nBA. In this case the diffusion equation has the simplest form
— 2_
3 3”0
A = A
— = 7
3T nDA 5 (7
9x

the solution [9] of (7) is,
N, (x,t) = N erfc (x/wo) (8)

where

W = 2/aD. t (9)
o A

and ﬁs is the surface silver concentration.

b). Diffusion With External Electric Field

The diffusion of incoming {fon can be enhanced by applying an electric
field across the substrate. In this case, one has to solve the equation (1)
which is a difficult task at best in the two-dimensional case. However, in

the case of one-dimensional (planar) waveguides, approximate solutions can be

obtained wunder certain conditions. For example, 1in the <case of 1low

concentrations (ﬁA << 1), space-charge effects can be neglected and for planar

waveguides Eq. (1) reduces to

A

N 3 i,

3t - 9D, ) - VE (10)

2>
1
>
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and ﬁA (x,t) is calculated by a Laplace-transform techniques [10]

A % ﬁo {erfc (x - ) + exp (4rx ) erfe (x + r)} (11)

where x' = x/wo =X /Z/nﬁAt is the normalized effective depth of diffusion
without external field and r = uEt/Wo.

It has been shown [7] that the influence of the space charge leads to steeper
diffusion fronts when compared to the solution (ll). For large values of r,

. the contribution by the second term in (11) 1is negligible and the diffusion

profile can be approximated as:

Z|

EA (x, ) = {erfc (x'— )}, £ > 2.5 (12)

Mo

In the two-dimensional case, Eq. (1) has been solved [7] neglecting the
concentration dependence of the interdiffusion coefficient and assuming that
the diffusion term in (1) 1is small. While such analytical solutions are valld
for very large applied fields such as involved iIn multimode waveguldes, the
case of single-mode guldes does not fall in this category. In such situations
equation (1) can be solved only by numerical methods {8].

¢). Two-Step Ion Exchange (Buried Waveguides)

Surface waveguldes obtained by.ion-exchange are characterized by higher
loss caused by surface scattering. Furthermore, the intensity profile of the
guided mode is not circularly symmetric and comp?tible with optical fiber.
These drawbacks can be overcome by burying the waveguides in a second 1ion
exchange in a melt free of the cation A. An external field may be applied
during this step to control the buried depth and the index profile. Since the

initial conditions in this case are determined by the first-step diffusion




profile, analytical solutions to Eq. (1) cannot be obtained and one has to
resort to numerical techniques once again. In the following, we describe a
simple numerical method to solve (1) in the case of planar buried waveguides.

d). Modeling of the Diffusion (Index) Profile for Buried Waveguides

To solve the one dimensional diffusion equation

at 7~ T ME (13)

for the concentration profile C(x) of silver in glass in analytical form, a
reasonable assumption about the concentration dependence of the interdiffusion
coefficient D must be made. Our 1ion-exchange equilibrium results [3,4)
suggest that at the melt concentrations involved in our work, 10-15% of the
sodium ions are replaced by silver In the first-step diffusion. Besides, the
self diffusion coefficient of silver is a factor to 3-10 smaller than that of
sodium in these glasses [8,11]. Under these conditlons, Eq. (6) indicates
that the interdiffusion coefficient 1is only weakly dependent on the silver
concentration (provided the self-diffusion coefficients themselves do not

exhibit any drastic changes with the respective lonic coancentration). If {it

is further assumed that not only B, but the mobility u and the electric field
E all are concentration (or position) independent, the analysis 1Is greatly

simplified.

In order to solve (13), consider an arbitrary initial

concentration C (x,0) = 50 (x) in the glass. We write

C,(x) =T, —Ci(xi) § (x=x) (14)




For linear systems, the solution of (13) can be expressed as the summation of

all the impluse responses,

- 2
c, (x,) (x-x,-uEt)
i Y71 exp | - Zoc ] - (15)

Cx,0) = % Y4nDht

For the initial concentration given by the continuous function Eo(x),

‘ 2
E(x,t)=f°°___o—__ exp[—.(_x:)_(._'_lﬁt_.)_]dx'o

(16)
Y4nDt 4Dt

Since during diffusion Eo(x') is a time dependent boundary condition,

E(x,ti) i1s evaluated by dividing time ianto many small and equal steps of

interval At, Thus ti = {At and
C (x") 2
- @ oo —_— - A
c(x’t ) = f sece f 0o exp [ - _(LE._U_E_.Q__ ] (dx')i . (17)
i o pa ST 4DAL
4nDt

1 {ntegrals

We have checked the accuracy of (17) for two cases where the solutions of (13)

are obtained 1n analytical form: the single-step process with and without

applied fleld [Eqgs. (8) and (1D respectively]. In this

case, Eo(x) = 0 for - » < x < 0 except at the zlass-melt interface {(x=0) where
its value 1s constant at all times and 1is determined by the i{on-exchange
equilibrium In both cases the agreement between the results obtained by
evaluating (17) and those given In the corresponding analytical form was

excellent., These agreements arce shown in Fig. 1.

The one-step concentration profile is next used as the initial condition

for the second step. It is assumed that there are no silver ions in the melt
and the electric fleld is sufficiently large to block the diffusion of Ag+

fons back into the melt. The resulting index profile -for- the case of no

236




applied field in the first step In the case where u > - uEztz/Z/ Dt, can be

written as

_ - El(u'/_?_) 2
c(u) = fo —————— exp [ -(u-u') ]du'. (18)
Y on
where
) x—uEztz ‘ X'
U:————; u 2 —
2/Dc2 2 /pt,
T = :z/t1

and El (u' ¥ T ) = concentration profile of the lst step.
Eq. (18) was used to calculate index profiles and the resulting field
profiles of the guided modes using determined values of D and u at the

processing temperature of 330°C and melt silver concentrations

— A -
of ~ 1077 - 10 3MF. Under these conditions, the initial condition for the

second step 1s glven by

El (uw vV 1) = Eo (0) erfc (YTu' ) (19)
where Eo (0) denotes the surface concentration determined by the ion-exchange
equilibrium at the melt-glass interface. 1It 1is proportional to ﬁo present in

the expressions given by (8), (11) and (12).

III. EXPERIMENTAL PROCEDURE

The fon exchange of Ag+ with Na* {n soda-lime silicate glass was carried

out at 330°C . Schematics of the procedure .s shown in Fig. 2 and the
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composition and density of the soda-lime glass used in the experiments {s
given in Table 1.

The waveguides were analyzed for the silver diffusion profiles using an
atomic absorption spectrophotometer (AAS), an electron microprobe, or a
scanning electron microscope (SEM). The experimental details are given In
[2,3].

Alternatively, the planar waveguldes were characterized for their mode
indices by using a prism coupler. In the case of waveguides which supported
one or two modes, the mode index data were correlated with the theory as
follows: The one-dimensional normalized Helmholtz equation was solved for the

measured profile by a finite~difference method to obtain the mode indices of

the TE modes. The two varilable parameters were An and Wo =27V D t which
were adjusted to give the best fit to the measured mode indices. In the case

of waveguides which supported many modes (>6), the inverse WKB method [12] was

employed to give the index profile and the surface-index change (é4n).

Iv. RESULTS AND DISCUSSION

Fig. 3 shows the concentration (index) profiles measured by the various
techniques for NAg = 2x1074 demonstrating an excellent agreement In the
results. The data can be best fit to the ERFC profile given by (8) and shown
as a solid curve in Fig. 3. This 1{indicates that the 1interdiffusion
coefficient is 1Indeed concentration 1independent at low silver-melt
concentrations. Our earlier results of {on-exchange equilibrium study [3,4]
show that the partitioning of silver {ons between the melt and the glass is

highly nonlinear and, for higher melt concentrations (NAg ~ 10"3), almost 25%

of the sodium {ons In the glass are replaced by silver {ons. At this

composition the D, EA term in the—denomtnator of (6) cannot be neglected
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and D becomes significantly concentration dependent. This was evidenced by a

change in the measured concentration profile.
The large dependence of the silver intake by the glass on the melt
concentration has important implications in batch fabrication of single mode
fiber compatible waveguides using the Ag+-Na+ jon-exchange process. Such
guides are required to have diffusion depths of the order of 10 um which
translates into peak index changes of the order of An = 3x10_3, Such small
changes can only be achieved at very low melt concentrations (NAg ~ lO—a).
Precise control of the melt concentration at NAg ~ 10-4 is

achieve adequate reproducibility in the waveguide characteristics. This can

required to

be achicved, for example, by using an electrolytic technique [13] for release
of silver ions 1in the melt and insitu galvanic potential measurement to

deteraine NAg and thus provide a feed back control loop [14].

Determination of B and u

Besides the boundary conditions obtained by the lon-exchange equilibrium
reported earlier [3,4], complete solutions of the diffusion equation (13) also

requires knowledge of the interdiffusion coefficient D and the mobility wu.

This was achleved as follows:

Single- and multimode surface waveguldes were prepared in nelt

-4
compositions with NAg = 4x10 and their mode 1indices measured by prism

coupler. Based on the diffusion profile data of Fig. 3 indicating it to be

erfc, the mode {index data for the two lowest order modes were fitted

theoretically to the solution of the Helmholtz equation obtained by a finite

difference method [15]. The variable parameters were An and D. Whereas this

procedure works best for guides with two modes, it {s cumbersome and time

consuaing for multimode guides. In the latter case, however, inverse WKB

method [12] works very well for the well-guided modes and a-prior knowledge of

239




the {ndex profile is not necessa=y. Curve 1l in Fiz. 4 shows the invers~ WKB

points and the best fitted erfc profile for a 5-mode waveguide for the process

parameters listed. The values of 4n as well as D ohtained by finite-

difference method and inverse WKB agrce within 5% and the values of D obtained
by the above fitting procedure .0 the mode indices data are in excellent

agreement with those obtained by SEM, electron microprobe, and AAS melhods

[Fig. 31.

In order to determine the ionic moblity u, multimode surface waveguides
were prepared by applying external electric field and the data fitted to Eqn.
(11). It was assumed that wn varies 1linearly with the dopant concentration
and does not depend on the applied field such that the or2viously determined
values of An for a given concentration (without external field) cculd be used

in the fit. The values of the adjustaltle parameters D and u were thus

obtained. Curve 2 in Fig. 4 shows such a fit. Two observations can be made

regarding the results of the fit for curve 2.

(1) The fit 1is not as good as that for curve o (without field). This may

primarily be due to the index profile having a steep slope in whica case

Inverse WKB 1Is known to give erroneous results near the sharp tail

[12]. Similar results were encountered when SEM data [?] was used for

fitting to Egqn. (11). Another reason for such an unsatisfactory fit may

be the {inadequacy of expression (l1) to describe the index profile even

for such low melt concentrations. Space charge effects alluded to In

section II and the concentration dependence of the self-diffusion

coefficients may all be responsible for this deviation.
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(11) The value of inter-diffusion coefficient determined by the best fit Iis
much lower than that obtained without field (curve 1). This is reflected
in the steepness of the index profile.

Once all the necessary parameters were determined from single-step lon-
exchange, Eqns. (18) and (19), were used for predicting the index profile,
the index peak position, the waveguide width and the peak index change in
buried guides as a function of diffusfon time t, and electric field E, used
during the second-step. In all cases, E; (electric field in the first step)

was kept at zero. This was necessary to obtain very symmetrical and single-

mode index profiles.

Fig. 5 shows the evolution of the index profile with time t,. As time
evolves, the peak index decreases, the profile width Increases and the peak
index position moves deeper Into the glass. The variation of the peak index
change 1{s plotted in Fig. 6, as a function of t, for two different fields. It
is seen that the applied field has virtually no effect on this parameter,

Fig. 7 shows the variation of the index profile width W and the index
peak position Xpeak with t, for various values of E,. It is observed that

W~ t2 , a result in agreement with the experimental data [2] shown by the

full squares in the curve 1. This square-root dependence of 1l/e index width W
on ts Is a direct consequence of the diffusion model implicit in (15). The
{ndex peak position depends linearly on time as well as on the field E,. This

result {is tantamount tc saying that as time evolves, the whole profile {s

translated by the appllied fleld and the net translation is zoverned by the

product Eztz.

Wavegulde Optimization

Once the diffusion profile was determined, a finite-difference method

[15] was used to solve the Helmholtz equation to abtain the -mode-index and the
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mode field profile. Thus, using NAg and t; as the varlable parameters in the

first step (E; = 0) and tp, E, as the omes in the second step (NAg = 0), the
waveguide parameters were calculated. Since the mode field profile of a
planar guide 1is not a very sensitive function of the index profile, the
corresponding process parameters are not uniquely determined for a given mode
profile. Therefore, it may be possible to obtain the same desired waveguide
performance by a range of combination of these parameters. One such set of
parameters selected to match a conventional Corning SM fiber with mode fileld
diameter of 9.8 um, 1s given in Table 2. The planar wavegulde thus designed
has mode field diameter W, (defimed at % polnts in the field) of 9.8 um at the
wavelength of 1.3um. The corresponding normalized propagation constant b

is ~ 0.5 showing that the guide 1s single-mode and the mode 1s well guided.

V. Cooclusion:

The concentration profile of silver in glass waveguides was measured by atomic
absorption spectroscopy, electron microprobe, and analysis of back-scattered
electrons in SEM. The surface-index change, the index profile and the
interdiffusion coefficient were determined from measurement of mode 1indices

using a prism coupler. The interdiffusion coefficient D is concentration

independent at low melt concentrations and excellent agreement was observed in

the concentration (index) profiles obtained by the various techniques. The

profile data of surface waveguides were fitted to appropriate analytical

expressions for the solution of the diffusion equation to determine the ionic

mobility and D in presence of an external field.

The surface planar waveguldes obtained in the first-step exchange were

buried by carrying out diffusion in the second step with an applied fleld

without any silver im the melt. The results obtained by the proposed simple
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numerical solution of the diffusion equation show that the buried depth
increases linearly with the applied field or the second-step diffusion time t,
and the 1index profile width wvaries as /E;— , 1in agreement with the
experimental results. Using these relations, the optimum process parameters
for a desired wavegulde can easily be determined. It is expected that these
results will be helpful in designing passive single-mode channel waveguide
based devices with optimum characteristics for I-O0 applicatious.
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Figure Captions

Comparison of index profile as given by Eqn. (17) { dotted curve } and by
Eqn.(11) { soltd curve } 2

T = 30 min, D = 0.15um./min, for each curve.

For curve 2, ¥ = 5.0um /Vmin, E = 45V/mm

Schematics of the experimental and theoretical procedure.

A comparison of the index profile results using various techniques. +AAS,
x SEM, 0 Inv., WKB, * FElectron microprobe, --fitted ERFC to the measured
mode indices using finite difference methed. W, = Z/Bt

Fitting of mode indices by inverse WKB method. x's indicate mode indices of
surface guides without external field and O's Indicate ,data with external
fleld., Curve 1 1s fitted erfc profile with D =,0.15 um“/min ,and t; = 120
min. Curve 2 represents Eqn. (11) with D=0.04um”/min, u=5.0um /min E; = 45

V/minaand ty = 30 min. Silver melt concentration in both cases is NAg =
4x107%,

Evolution of index profile with the second-step diffusion time.
Variation of peak Iindex change with second-step diffusion time.
Variation of the index peak position Xpeak and the 1/e index width W with

the second-step parameters. Curves 1 , 2, and 3 correspond to Eo = 10, 40,
and 70 v/mm respectively. The data points are from Ref. [2].
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Table 1.

Chemical composition of Fisher brand glass slide (wt Z).

Oxide Weight %
S10, 72.25
Na,0 14.31
CaQ 6.40
Al704 1.20
K50 1.20
MgO 4.30
Fe,04 0.03
S04 0.30

Density = 2.4667 g/cm3
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FIRST STEP

NAg = 3x10'4 Mole Fractions

&n = 0.012
El =0
tl = 15 Min.

D = 0.14 um®/Min.

WAVEGUIDE PARAMETERS

W = 6.6 um
xpeak = 20 um
da = 3.2x1077

vV =3.1

Table 2: Optimization

T = 330 C
A = 1.3um
o
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Buried Low-Loss Fiber Compatible
Single-Mode lon-Exchanged

Channel Waveguides

H.C. Cheng, H. Zhenguang, A. Milliou,

R. Srivastava and R.V. Ramaswamy

Department of Electrical Engineering
University of Florida

Gainesville, Florida 32611

Buried single-mode channel waveguides have been designed and fabricated

by optimizing

Relatively

low

the

fiber waveguide throughput loss (<1dB)

two-step Ag+—Na+ and K*-uat

waveguides was achleved.

Category:

Passive Guided-Wave Devices
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Buried Low-Loss Fiber-Conmpatible
Single-Mode Ion-Exchanged Channel Waveguides

H.C. Cheng, H. Zhenguang+, A. Miliou,
R. Srivastava and R.V. Ramaswamy

Department of Electrical Engineering
University of Florida
Galnesville, Florida 32611

*Permanent Address: Changchun Institute of Physics,Changchun, China

Glass waveguldes made by lon-exchange technique are potential candidates
for integrated optic applications such as power dividers, star couplers and
multiplexers. Although recent reports [1l] have demonstrated significant
progress 1in understanding of the basic {on-exchange process, and in the
fabrication of low-loss waveguides and I-O components, the structures have not
been optimized for a given application such as l.3um operation of single-mode
fiber communication systems. Most of the work reported to date has been on

surface channel waveguides which are shallow, lossy and incompatible with the
fivers.

In this work, we report for the first time a systematic study of the two-
step lon-exchange process for fabrication of symmetric low-loss single-mode
channel guides optimized for 1.3 un. Both Ag+—Na+ as well as K'-Na‘t systems
are considered. The 2-D diffusion process is modeled and the results show an
excellent agreement with the measured 1index and modal profiles. Side

diffusion, space charge effects and presence of external field are considered
in the analysis.

Aﬂf-Na+ Channel Waveguides

Previously determined _values of the surface-index <change (4n),
interdiffusion coefficient (D) and silver ionic mobility (u) in planar guides
made in a soda-lime glass [2] were used to design channel waveguldes of the
desired index profile. First-step lon exchange was performed at 260°C for 24
hours in a molten mixture of 70% Nal03 + 30% KNO3 + 1 x IO-AMF AgNO5. With
channel opening widths of 2-10 um, this yilelded 4%-14 um wide and ~4 um deep
guides with asymmetric profiles caused by the side diffusion and the {andex
discontinuity at the air-glass 1interface. A second-step lon excharge from
pure NaNO3 with an applied field of 25.0 V/mm for 20 minutes was subsequently
performed at 330°C to bury the guides below the surface, Increase the
waveguide depth, and obtain a nearly circular profile. The resulting
waveguides were characterized for the mode-field profile and attenuation. The
tesults are shown in Fig. l. An extensive modeling of the diffusion and modal
profiles by solving the pertinent non-linear 2-D diffusion equation with
appropriate initial and boundary conditions has been performed and the results
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are correlated with the experimental data. The relatively small fiber-
wavegulde coupling loss (<0.1 dB) is attributed to the high degree of aode
compatibility achleved.

gr-nat Waveguides

In this case, three different glasses were used. Planar surface guides
were first fabrjicated to determine the index profile and the temperature
dependence of D in each case. The measured index profiles 1in the three

glasses were fitted to the solutions of the 1-D diffusion equation in order to
explain the differences in the profliles as well as analyze the discrepancties
existing In the literature regarding their orizin [3,4]. Next, planar surface
guides were prepared in the presence of an external field (100V/mm). Due to
the presence of the space charge, a drop In the ionic current was observed as
the lon-exchange proceeded. The data polnts in Fig. 2 show this behavior
which was modeled for the first time by taking into account the difference
between the mobilities of the two alkali loms. The theoretical predictioa {is
given by the continuous curve In Fig. 2, iIndicating an excellent agreement
with the experimental data. Since the diffusion effects were found to be

negligible, the depth (W = uEt) of {index profile (Fig. 3(a)) was used to
calculate the mobility of the K* fons in the glass.

The index profiles of the surface and buried channel waveguides are shown
in Fig. 3(b). To the best of our knowledze, this is the first time the g¥-yat
process has been used to produce buried symmetric channel waveguides. Our
results are 1n contradiction to the published reports [5] 1indicating that
K'-Xa~ waveguides cannot be buried by a second step lon exchange. Mode field
profiles and attenuation were measured at 1.3 um. The loss figures are given
in Table I. The resulting mode field profiles are almost circular although
the degree of circularity is not comparable to that in the Ag'-Na' case. An
improvement of 0.65 dB in total throughput loss in ~2 cm long waveguides was
achieved as a result of the second step lou-exchange with applied field. The
distinct differences in the index profliles obtained using the two catioms as
well as the details of the modeling and correlation between the theory and the
experimental data will be presented at the meeting.

This work was supported by AFOSR contract No. 34~0369.

References
1. R.V. Ramaswamy and R. Srivastava, International Conference on {icro-
optics, Tokyo, Japan, 1987.
2. H.C. Cheng, R.V. Ramaswamy and R. Srivastava, GRIN, Reno, Nev., 1987.
3. G.L. Yip and J. Albert, Opt. Lett. 10, 151 (1985).
4, J.E. Gortych and D.G. Hall, 1IEEE J. Quantum Electron. QE-22, 892
(1986).
5. M. McCourt, R. Rimet and C. Nissim, Curopean FOCLAN '87, Basel,
Switzerland.
257




Table I. Loss in K'-Na' Channel Waveguide.
BK-7 glass. X = 1.3 um.

Surface Waveguide Burled Waveguide
(17.4 mm) (20 mm)

Fibar-waveguide ' 1.60 dB 0.96 dB
Total throughput loss
Reflection at 0.18 dB 0.18 dB
the output end
Fiber-waveguide 0.34 dB 0.28 dB
mode mismatch

A

J Propagation 0.62 dB/cm 0.25 dB/cm

1: FIRST STEP W/O FIELD
2: TWO-STEP W/ FIELD

MODE WIDTH (um)
ASPECT RATIO (H/V)

b

MASK WIDTH (pm)

Fig. 1. Variation of l/e mode intensity width with mask width. H -
horizontal scan (along the guide width). V - vertical scan (along
ﬁ the guide depth).
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Fig. 3(a). Inverse WKB index profile of planar surface guide (330°C,
82 min., E = 100 V/mm).

Fig. 3(b). K+ concentration profile as measured by electron microprobe.
* surface guide, 380°C & 345 min.
o buried guide, 330°C, 82 min. & E

100 V/mm.
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Process and Waveguide Parameter Relationships for
the Design of Planar Silver Ion-Exchanged Glass
Waveguides

RAJENDRA K. LAGU anp RAMU V.

Abstract—In this paper the experimental results of diffusion studies
and modal characterization of Ag”-Na' exchanged glass waveguides
are presented. Empirical relations between the process and the device
parameters are derived and subsequently used to formulate a system-
atic procedure for fabricating single- and multimode waveguides.

1. INTRODUCTION

ON-EXCHANGED waveguides have received consid-

erablc attention recently and they are expected to form
the basis for passive integrated optical devices. Several
monovalent ions such as T1* [1], K* [2], Ag™ [3]-[6].
have been used to form a high-index layer on the surface
ot glass shides. A recent electrolytic technique [7], [8]
provides opportunitics for precise control of Ag™* concen-
tration in the salt bath [9]. leading to fabrication of de-
vices with reproducible characteristics. This is quite im-
portant because glass waveguides, being passive, cannot
be tuned electrooptically to compensate for fabrication er-
rors. ’

The guiding characteristics of a planar waveguide de-
pend upon the device parameters such as the maximum
index change. index profile, and the waveguide depth. The
device parameters, in turn, depend upon the process pa-
rameters such as the diffusion temperature, diffusion time,
and Ag " concentration in the salt bath. To design a wave-
guide supporting a specific number of modes, it is nec-
essary to determine the relation between the process and
the waveguide parameters. Such relations, empirically
derived and reported in this paper, are useful in the design
of single and multimode planar Ag* diffused glass wave-
guides.

II. DirrFusioN EQUATION

The process of interdiffusion of sodiwn and silver ions
in glass has already been examined in some detail. It has

Manuscript received May 10, 1985: revised August 19, 1985, This work
was supported in part by the Air Force Othee of Scientific Rusearch under
grant AFOSR 84-0369.

R. K. Lagu was with the Department of Electrical Engincering, Uni-
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1A 52242.

R. V. Ramaswamy is with the Department of Electrical Engincenng,
University of Florida, Gainesville, FL 32611,

IEEE Log Numbcer 8406207,

RAMASWAMY, SENIOR MEMBER, IEEE

been shown that the silver ion diffusion can be described
theoretically by a concentration-dependent one-dimen-
sional modified Fick’s diffusion equation [10], [11]
aC 48 (.aC
—=={DpD=
o Ox ( ax>

where C is the concentration of the diffusing ion and D is
the interdiffusion coefficient defined by

H

< DD
D= 478 [¥))
N.D, + NyDg
and
. . . C,
N, mole fraction of silver ion = — .
Ci+ G
. N Cp
Nz mole fraction of sodium ion = —————
C, - Cg

where D,. Dy are the self-diffusion cocflicients of silver
and sodium 1wons. and C,, Cyg are the silver and sodium
ion concentrations, respectively.

In the fabrication of ion-exchanged glass waveguides,
the silver ion concentration is very small, i.e., C, <<
Cy. Therefore, Ny = 0 and Ny approaches unity.

Under these conditions. the interdiffusion coefficient
D in (2) becomes the self-diftusion cocflicient of the in-
coming Ag”. namely D,. In addition, as C, is quite small,
it is reasonable to assume the diftusion of silver ions into
the substrate remains unaffected by the presence of al-
ready diffused silver jons. In other words, D, is indepen-
dent of the position x in the substrate. As a result, (1) now
simplifies to the well-known diffusion equation

oC _
ot

C

e 3)

where we have omitted the subscript A4 in the diffusion
coefficient for the sake of simplicity.

The diffusion was carried out in a molten NaNO, bath,
containing the electrolytically released silver ions |7}, |8).
The diffusion can be considered as an infinite source dif-
fusion since the number of silver ions diffusing into the
semi-infinite glass substrate is very small compared to that
present in the bath. We can thercfore assume that the con-

0733-8724/86/0200-0176501.00 © 1986 IEEE
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centration of Ag” at the liquid-solid interface is constant
at all times. Initially, the Ag™ concentration is assumed
to be zero in the entire substrate. Under these conditions,
the diffusion equation has an analytical solution [11],
given by

Cix, n = C, erfc (x/.’\/E) 4)

where

Co concentration of silver ions in the bath,
D self-diffusion coefhicient of the silver ions.

Planar waveguides fabricated in this manner exhibit a
complementary error function index profile. The propa-
gation characteristics for this highly asymmetric profile
have been determined by the numerical integration of the
normalized mode dispersion equation [12], [13]. We have
used these analytical results to fit our experimental data
in order to link the process and the device parameters.

III. WAVEGUIDE CHARACTERIZATION

Several sets of single-mode and multimode waveguides
were fabricated using Labmate microscope slides for dif-
ferent values of the process parameters C, (Ag™ concen-
tration in bath) and ¢ (diffusion time). For a particular
batch, a known value of C; was generated using the im-
proved electrolytic technique [8] and waveguides were
fabricated for times ranging from 20 to 120 min. Prism
coupling technique was used to excite the modes in order
to determine the mode indices. An iterative computer pro-
gram was written to estimate the diffusion coeflicient D
and the maximum index change An. The procedure is de-
scribed as follows.

Assuming small index change between the substrate and
the peak surface refractive index, the V parameter is de-
fined as [14]

V = kd~2n,An &)

where

k  2w/\, free-space propagation constant,
A wavelength of operation,

d effective waveguide depth,

n, bulk refractive index of the substrate,
An  maximum change in the refractive index.

As described previously, the interdiffusion of Ag*-Na™,
for low concentrations of Ag”*, reduces to the simple case
of self-diffusion of silver ions into the glass substrate and
therefore, the interdiffusion coeflicient D approaches the
self-diffusion coeflicient D. This fact has been experi-
mentally determined by independent diffusion studies and
the results are presented elsewhere [15].

For complementary error function, the depth of diffu-
sion equals the waveguide width 4 and is given by

d = 2D (6)
Thus

4
V= T" J2n, DiAn. 7

A He-Ne laser (A = 0.6328 um) was used for the mode
index measurements. The bulk refractive index n, was
measured using an Abbe’ refractomcter and for Laomate
glass n, = 1.5125. Thus at A = 0.6328 um

V = (3.454 x 107) ¥DrAn. (8)

The normalized propagation constant b, for a guided
mode in an asymmetrical graded index waveguide [14] is
defined as

A B
— an — Ny

3 (9)
- n

where

N,, B./k, mode index for the mode of order m,
b, propagation constant of the mode of order m,
n, surface index = n, + An.

For small index approximation {which is valid for our
glass waveguides), An << n, so that

(10)

From (8) and (10). it is seen that for a given glass sub-
strate and a given wavelength of opciation, ¥ is a function
of D, An, and 1, whereas b, depends upon An and the
mode index N,. Of these parameters. N, and n, are de-
termined experimentally and r is also known. An depends
upon C,,. the concentration of Ag™ in bath. Thus, a set of
waveguides fabricated with the same C; but with different
¢ have the same An but different depths. hence different V
numbers. The computer program reads as its input data
the mode order m. the mode index N,,. and the diftusion
time 1 for each of the mode in a set of waveguides with
the same An. The diffusion profile for these waveguides
as evidenced by the backscattered electron SEM analysis
Ag* profile [15], [16] is the theoretically anticipated
complementary error function and contrasts the exponen-
tial function profile determined by the measurement of
mode excitation angles and the use of inverse WKB
method by Imai et al. [17]. A min-max error algorithm
is used for fitting experimental data to the theoretically
derived b-V characteristics [12], [13]. for the comple-
mentary error function index profile [15] of these wave-
guides. To start with, for each sample, values of An and
D were initially guessed and V was calculated from (8).
For this value of V, using the theoretical analysis [12].
[13]. b,, was estimated numerically for each of the allow-
able modes. On the other hand. for the same An. the nor-
malized propagation constant b, was also calculated using
(10). The error is defined as the largest difference between
the value of b, calculated from the b-V characteristics and
that calculated from (10). The values of An and D were
then varied over a prespecified range and the error cal-
culations were repeated. The crror contours were then
plotted in thec An-D plane. Fig. 1 shows a typical error
contour plot corresponding to a mole fraction concentra-
tion Cy of 1.6 x 107 and diffusion of Ag* at 338°C for
three modes. The contours show that the error has a min-
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Fig. 1. Eror contours in the An-D plane with the error in the normalized

propagation constant b,, between the theoretical and experimental values
for three modes.

0.05

0.04

0.03-

0.02-

Surface Index Change 4n
_—

0.0 . | ) L . L . !
° < 1.0 2.0 3.0 4.0

Ag* Molar Concentration Co (x 103)

Fig. 2. Surface index change An versus Ag® concentration C, for Labmate
glass.

imum and the values of An and D corresponding to this
minimum are the best estimates. This procedure gives
same set of values of Ar and D for each mode.

Several waveguides were fabricated with different con-
centration values and using the above procedure, An was
estimated for each Ag® concentration. The relationship
between An and Cj is shown in Fig. 2. The curve in the
region where the value of C,is small is essentially linear.
For guides with small number of modes (less than six
modes), the relationship between An and C, can be ap-
proximated as

An = 26.5C, (11)

where C, is expressed as the mole fraction of silver ions
in bath.

Equation (11) provides an important link between the
device parameter An and the process parameter C,. This
empirical relation is valid for Labmate slides used as sub-
strates in our experiments. If we were to assume that in-
deed Ag -Na~ exchange is taking place. any change in
weight fraction of Na-O in our different substrate would
require redctermination of the linear relationship between
Anand Cy. In addition. other cations, e.g., Ca™ . may
alter this behavior as well. However. for the weight frac-
tion of Na,O. in the neighborhood of 10-15 percent, the
estimate of An/C,,, established by (11) is valid [16].

1V. DiFrusioN COEFFICIENT

To estimate the variation of the diffusion coefficient D
with temperature 7. using the improved electrolytic re-
lease technique, three batches of waveguides were fabri-
cated at 338, 354, and 360°C. The diffusion coefficient
at these temperatures is estimated by the computer pro-
gram mentioned above. The variation of D with Tis given
by an Arhenius type relation [10]

D(T) = D, ¢ HFAT 1 2)
where

AH  activation energy,

R gas constant (8.314 J/K° - mole).

Taking logarithm of (11), we have

InD = 1in D, — (AH)/RT. (13)

Thus the slope of the curve In D versus (1/T) gives the
value of AH/R. As shown in Fig. 3, AH is estimated to
be 8.933 x 10" J and the diffusion coeflicient

Dy = 1.1906 x 1077 (m%/sec).

Since for the glass waveguide fabrication, the diffusion
time is of the order of tens of minutes and the diffusion
depth is of the order of a few ~icrometers, D is expressed
in square micrometers per ri'nute. The temperature range
is rather restricted, as NaNO, neelts at 307°C and decom-
poses at 380°C. Using the above value of Dy and AH in
the Arhenius relation (equation (12)), D versus T is plot-
ted over the relevant temperature range ard is shown in
Fig. 4. It is seen that the curve can be approximated by
two linear segments with a transition around 353°C. Be-
yond 353°C, D changes rapidly with T so that in this re-
gion, the temperature fluctuations during fabrication will
cause significant changes in D resulting in a large varia-
tion in the guide depth /. This indicates that the diffusion
temperature should be chosen between 307°C and 353°C.
During the experiments it was observed that a temperature
gradient of as much as 20°C can exist in the bath [9], and
hence. it is recommended to choose 330°C as the dif-
fusion temperature, which is sufficiently higher than the
melting point of NaNO,, viz., 307°C,
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At 330°C, the diffusion coefficient D = 0.129 um*/
min. Substituting this value in (6):

d = 0.7181. (14)

Equation (14) provides the second important link between
the device parameter d and the process parameter £. This
value. derived from modal characterization. agrees with
that estimated from the diffusion studies, presented else-
where [15].

V. DEsiGN PROCEDURE

Using the relations given by (11) and (14), a systematic
design procedure is formulated as described below,

The normnalized dispersion equation for an asymmetri-
cal graded-index planar waveguidc is given by [12], [13]

14 S [fix) = b)'"de’ = (m+ = (15)
QO

where x; is the normalized tuming point. At cutoff, x; =

o and b = 0. For a complementary error function profile

fix")y = erfc (x"). Theretore. V., the value of ¥ number

at cutoft of the mth modc can be written as

” 4m + 3
Vem S erfc (x') dx' = @n + Nz )1.
8

" (16)

Since erfc (x') is a monotonically decreasing function with
increasing x', and erfc (2) = 0.0005, to reduce the com-
putation time. we can limit the integration range by using
the approximation

g Verfe (¥') dy' = g verfc (x') dx'. (17)

0 JO

The integral on the right-hand side of (17) is evaluated
numerically and its value is found to be 0.89. Thus

E4m + 37
<V, =—
(0 8 ) om 4

From (6). (7). (11). and (14). for A = 0.6328 um, n, =
1.5125 and D = 0.129 ym~/min

= 63.85V1C,.

(18)

(19)
From (18) and (19). the cutoff value V,,, can be eliminated

_@m o+ RE 4

- = = (63.85) (ViC .
cm 4(0.89) ( ) (Vi 0)mm(f

(20
C, and 1 in the above equations correspond to those values
of diffusion depth and An which give the respective mnde
cutoff. Thus. the cutoft condition for mode m dictated by
the process parameters 1 and G is

(1Co)eurat = (1.91 X 107%) (4m + 3)%. QD

For various values of m. the relations between r and C; as
given by (21) are plotted in Fig. 5. Since these curves
distinguish the regions of various modes. the design can
be done entirely using the process parameters, making the
device parameters invisible in the design procedure. For
example, for a given time of diffusion (as decided by the
required waveguide depth), one can find the vaiue of C,
which keeps the waveguide single mode. Generation of
this value of C, can be done precisely using the electro-
Iytic process [7]. [8]. The inherent capability of this pro-
cess to generate arbitrary values of C, can likewise be
used together with these curves to fabricate waveguides
supporting a specific number of modes. Neglecting the
material dispersion effects, the relation between An and
C, given by (11) is essentially valid for other wavelengths
as well. Thus, similar design curves can be plotted for any
other wavelength, e.g., for A = 1.32 um as shown in Fig.
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6. We have experimentally confirmed the validity of the
curves for A = 0.6328 um by fabricating various graded
index (erfc) waveguides by electrolytic release technique
and evaluating them using the prism coupler.
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V1. CONCLUSIONS

We have presented the results of an experimental study
of modal characterization of planar waveguides fabricated
using Ag " diffusion into glass substrate. With the help of
a numerical solution for a graded index (erfc) waveguide,
the guiding characteristics were used to estimate the de-
vice parameters, viz., the maximum index change and
the effective guide width. Using an appropriate diffusion
model, the dependence of the diffusion coefficient of Ag”
in glass and the diffusion depth on process parameters,
viz., diffusion temperature and time were estimated. The
resulting empirical data were used to establish the links
between the process and the device parameters and to for-
mulate a systematic procedure for fabricating glass wave-
guides supporting a specified number of modes.
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A Variational Finite-Difference Method for
Analyzing Channel Waveguides with
Arbitrary Index Profiles.

RAJENDRA K. LAGU

Abstract—A variational, finite-difference method for computing the
normalized propagation constants and the normalized field profiles of
channel wavepuides with arbitrary index profiles as well as aspect ra-
tios is presented. Mode dispersion curves and the field profiles of the
fundamental mode of channel waveguides having profiles of practical
interest are included.

I. INTRODUCTION
HE analysis of channe! waveguides plays a significant
role in the design of integrated optical devices since
channel waveguides form the basic building blocks of

manv devices, e o
o . =2

directional couplers. clectroopiic
modulators. switches. etc. The channel waveguide mode
dispersion is crucial to the device design because repro-
ducible fabrication of these devices needs a prior knowl-
edge of the waveguide modal behavior. A number of
methods for analyzing both step and graded index wave-
guides are already available in the literature. Goell [1] has
used circular harmonic analysis for a step index channel
immersed in an infinite medium of lower index. Marcatili
{2] has analyzed the step index channel by ignoring the
ficlds in the corner regions. This approximate analvtical
solution gives accurate results tor waveguides far away
from cutoff because the field in the comer region of such
waveguides can indeed be ignored. Neither approach
mentioned above. however, is applicable 1o graded index
waveguides. Schweig and Bridges [3] have reported a fi-
nite-difference method for computing mode dispersion of
step index waveguidces. Hocker and Bumns [4] have ex-
tended the effective index method [S] to graded index
waveguides; other approaches to graded index wave-
guides include Yeh's finite element analysis [6]. Pichot's
method based on vector integral equations [7]. and the
variational method reported by Matsuhara [8] and Taylor
(9]. 1Hone of the above methods. regardless of the ap-
proach being analytical or numerical. provides normal-
ized solutions for channel waveguides of arbitrary index
profiles and aspect ratios.
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The waveguides used in practice are often made by dif-
fusion which results in channels with index profiles (typ-
ically Gaussian and complementary error tunction) which
are not amenable to analytical treatment. Numerical
methods, on the other hand. give solutions which are ap-
plicable to specific waveguides. and recomputation is
necessary if the waveguides’ parameters are changed. If
the associated Helmholtz equation can be normalized prior
to the numerical solution, the results will tum out to be
fairly general and applicable to any graded index profile.
We have used this approach to calculate the normaiized
field profiles of a highly asymmetrical, planar graded in-
dex waveguide [11]. In this paper. we extend it to channel
waveguides with arbitrary index profiles. The reported
method has the following advantages.

1) It accepts any index profile. even if it is available at
discrete points. The method. therefore. can directly use
the results of diffusion simulation. in which case the index
profile as obtained from the numerical solution of the two-
dimensional diffusion equation is available only at dis-
crete points.

2) It solves the normalized Helmholtz equation so that
the results are applicable to all waveguides of & given in-
dex profile.

3) Most impontantly. unlike other numerical tech-
niques. it accepts various waveguide aspect ratios without
any additional reformulation. This feature is important
because the aspect ratio of a practical waveguide depends
on both the diffusion depth and the waveguide width,
which in turn depends on the lateral diffusion. Thus, the
aspect ratio usually has a value other than unity.

Thereforc, the approach is applicable in the evaluation
of channe! waveguides with a given depth, and any aspect
ratio, ¢.g.. two-dimensional tapered waveguide transi-
tions. without extensive recompilation,

The numerical approach presented here involves a com-
bination of both variational and finite-difierence tech-
niques. The straightforward finite-difference appreach to
solve the normalized Helmholtz equation requires a large
number of subtntervals since for that method. the field is
discontinuous at the subinterval boundaries. For a reason-
ably accurate solution, it is estimated that at least 50 in-
tervals will be nceded along the x and v directions. This
will result in matrices of size (2500 x 2500) and the nu-
merical computations such as matrix inversion will be vir-
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1. 1. A step index channel waveguide for graded index channel wave-

guides: the boundaries are nonexistent.

aally impossible. In the variational approach with bilin-
:ar interpolation, the field is continuous at the subinterval
wundaries, and with as low as 14 subintervals in the x
ind ¥ directions, quite an accurate solution is achieved.

II. THEORY
1. Normalization

The step index dielectric channel waveguide under con-
-ideration is shown in Fig. 1. Obviously, for diffused
channel waveguides. there are no sharp boundaries be-
mween the waveguide and the substrate as shown in the
figure. In that case. the width w and the depth d should
pe taken as the diffusion width and the diffusion depth.
respectvely.

The index profile can be expressed as

nx, ¥y = n, + Anfix, v) H

where f(x, ¥) is the normalized index profile function
which takes values between 0 and 1. For the substrate
region. n(x, ¥) = n,; therefore, f(x. ¥) = 0. The peak of
the index profile occurs when f(x, v) = | and the peak
index is given by n, = n, + An.

Assuming a small index difference, i.e., An << n,, the
modes supported by this waveguide can be divided into
two groups:

1) quasi-TE modes in which the primary field compo-
nents are E,, H,, and H.

2) quasi-TM modes in which the primary field com-
ponents are E,, H, and E..

For quasi-TE modes, the field E, can be expressed as

E, = E(x.y) e (2)

The field amplitude E(x, y) satisfies the two-dimensional
scalar Helmholtz equation

3E ¥E . , :
Fe i PRl lkon“(x. ) — B°]E = 0. (3)
The following normalized space variables are detined:
x' = x/d
Y=y
r = wid 4)

where x’, v’. and r represent the normalized depth, width,
and the aspect ratio, respectively,

The V and b parameters are defined in the usual way as
(12]

FINITE-DIFFERENCE METHOD FOR ANALYZING CHANNEL WAVEGUIDES

N° — n;
b = — .h &)
III, — Ny
and
"
2r . v s
V="odmn, - n)" (6)
0
where
N = mode index and
Ao = wavelcngth of operation.

These normalized variables can be used to convert (3)
into a normalized partial differential equation:
1 3E  OE

s —— + —= + V[f(x',y') — B]E = 0.
re gy’ -

o @)

B. Variational Formulation

The vanational formulation converts the problem of
solving a partial differential equation into that of finding
the maximum of a funciional invoiving integrals. In ad-
dition. the variational approach typically converges more
quickly than the direct finite-difference method. Since nu-
merical integration is inherently stable, the variational
formulation eliminates the problems of instability asso-
ciated with the numericul solution of partial difterential
equations. Matsuhara [8], Taylor [9]. and Korotky et al.
[10] have used this approach to solve the Helmholtz equa-
tion (3). We apply this method to the normalized Helm-
holtz equation (7) in order to obtain the normalized so-
lution directly. The method 1s described briefly below.

We define a scalar functional

6 = SDS F<E dE OF

Toxt oy
where x’, v' are the independent variables and E is the
dependent vanable. The integration is carried out over do-
main D in the (x', ¥') plane and the boundary of the do-
main D is considered fixed for all variations. The surface
E(x', v') which extremizes the functional ¢ can be shown
to be the solution of the Euler-Lagrange equation [13]

oF o ."’_’f>_i(?f>_0
daE  av' \ogp ox' \dq/
where p = 3dE/dv' and ¢ = dE/dx’.
If we choose

V: ( ] . F: l /aE>: <aE>2 V:/E:
= A —— ——‘ _— —_— — )]
Sl D E re \a_\" ax’

x',y ’> de' dyv' (8)

9

(10)

then the Euler-Lagrange equation for this choice of F be-
comes the normalized Helmholtz equation (7).

Thus. any E(x'. ¥') which extremizes ¢ is the solution
of (7). and hence is the normalized field profile of the
channel waveguide. The variational formulation thus con-
vents the problem of solving the partial differential equa-
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tion (7) o the problem of extremizing the functional o
eiven by

- H e s L JOEN OEN
O—‘:.(-"f(.\.'\)lt —_w<57 - d_\'
: .

re
{

— V-bE- g dv’ dv. (1

From physical considerations. the tficlds in an optical
waveguide vanish at infinity. This provides a boundary
tor this vanatonal problem. In other words. the required
boundary of domain D which is fixed for all variations is
contained in the fact that £ should be identically zero on
this boundar .

Since the tield decayvs exponentially in the substrate and
the cover, it is reasonable to assume that the field vanishes
at some finite point. This assumption is necessary to econ-
omize on the numerical calculations. and hence the com-
puter time.

We now describe the steps involved in the extremiza-
tion of @ given by (8). We define the functionals /and J
as

D
31:": i :1
(2 > () e (12)
A vav
J = H By dy (13)
s

Substitution o1 (12y and (13) in 1) gives the tollowing
equation tor o:

o =1- (Vb (14
At the extremum. 60 = 0. so that
61 ~ (¥ hy &S = 0. (15;

We define a scalar tunction A (not to be contused with the
wavelength Ag) given by

N =1 (16)
This tunction attains a stattonary value A* when
&N = 0. (17
Taking difterentials in (16). we get
. Jol -~ 1dJ
ON = TE . (18

Comparning i17) and (18). we obtain the tolfowing con-
dition at the extremum of A

Jol = Ia] =0 (19)
which can be rewritten as

of — (IiJra) =0 (2

NO 6. JUNE 1986

or
8l — (MY o) = 0. 21
Comparison of (15) and (21) vields
A= Vb (22)

For a given ¥, we have thus found the normalized prop-
agation constant b in terms of the parameter N* which can
be shown to be the extremum value of //J. In other words,
we have converted the problem of solving the partial dit-
fercntial equation (7) into that ot extremizing /I'J where [
and J are given by (12) and (13). respectively.

To proceed with the extremization ot [/J. it is necessary
to make an approximation for the tunctional form of the
normalized field distribution E(x'. v'). As seen trom (12)
and (13), J depends on Ex’, y"), while [ depends on both
E(x'. v") and the index profile function f(x', v').

Matsuhara {7] and Tavlor {8] have expressed the figld
profile E(x. v) as a linear combination of a finite number
of parabolic cylinder functions. Since they did not nor-
malize the Helmholtz equation, they deal with the field

profile E(x, v) rather than the normalized fisld protile Eix ',
v'). The finite series is given by
S P . ,
E(x, v = 2 Qi i D.x &) Dy — vy
i

(23)

where D, und D, are the parabolic evlinder functuions of
order i and j. respectively. The tactor (27890 /D 1s used
to normalize the modal functions. «a,,. £, and n are deter-
mined by stationary conditions. To account for the tuct
that the peuk of the ficld occurs within the waveguide at
some finite depth rather than at the surtace. Taylor has
introduced the term v, in the arguments ot D,

Schweig and Bridges [3] have reported a computer
analvsis using a variational approach where they have de-
tined a mesh that covers the region of integration and ex-
press the field using a four-point Laplace operator. w.th
the assumption that the index is constant inside each cell
of the mesh. They have applied their method to a step
index waveguide and have shown that their solution com-
pares quite well to that of Marcauli [2].

To muke the task of numerical computation ersier and
to allow index variation in the region of integration, we
choose to represent the field using bivariate interpolation.
As shown in Fig. 20 the waveguide ABCD is surrounded
by a boundary PORS where the modal field is assumed to
vanish. For well-guided modes, the fact that the tield de-
creases rapidly in the substrate and the cover talthough
more rapidly in the cover for the highly asymmetncal
case) justifies this assumption. For mades closer to cutofl,
obviously, the boundary PORS needs to be extended much
tarther from the waveguide. To tllustrate the method,
consider a square grid drawn inside the box with T4 rows
and 14 columns. The field is detined at the grid points as
shown in Fig. 2. Thus. we have the ficld specitied by vee-
tor [E(hH E(2y - - - E(196)]. Inside the grid, the field is
expressed as a bilinear interpolation of the four grid point
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values [14]. A typical square cell (shown i Fig. 2 as a
shaded box) 1s expanded in Fig. 3. The field distribution

tor points inside this cell is written as

1

Ex' vy = I— [Epx' vy + E h — ' yth — vy
)

+ B, v'th = x) S B VR O PR G

boundary PORS (and bevond) we get

+ @

g \ E7(x' v )y de' dv' \ \ E“(x'. vy dv dv',

J = =
Jow Coe
- Rectanue
PORN

(25)

The integration over the rectangle PORS can be expressed
as a summation, giving the following relation:

Y
—
)
oW

Sw

'

2 '
g \ E-(x'v'ydy'dv
Rectangle
PORS

E (o vy du v

(26)
where §;, is a single square cell with side £ (as shown in
Fig. 3).

The above integral (26) can be evaluated in terms of the
values of the E ficld at the corner points of a single cell
and then summed over all cells. Thus. we can write

,\'

$

+

.
\

.

\ E:(.\". ,\'I) dx’ (1_\" = [E,!;,.\"'\"

N
+ E, N 'th = x7)

E th —x"h —v')

E x'th — v oy dv’

(E- ~ E;, + E3 + EL)

N

I
-+ —l§ (E,UE»‘,, -+ E,,‘,E,,h

E,.E.

-
}\_6 (E. E.. + E.E.).

+ B EL)

(27N

The expression for 7 is more involved because it has com-
plex terms such as Vv vV E7GE dv ) and (3K 9v' )’
las indicated in (123]0 The partial denvative (0F 3v ' iy
expressed as [14)

_ . . ar | o

Since this form of interpolation is hincar on cach hink of — = =Byt - E o v
the net. it provides £’ vy which 1s continuous on the gt h
whole region. We .\clcg“l Etx' v to vanish at the nodes Lo = o=y, (28)
on the boundary PORS. so that 1t actomaticatly satisties
the boundary condition. A simndar expression s written tor (38 dy ).

The term Fofoa  a 'y Fooas wnitten as

C. Numerteal Solution .

With the detimtion of the square grid and the field wt e [ 7. th — ' VI A e v
the grd points. it e possible to express the imtegrat fune- !
tions Jand J as summations of their values on a simele T N VAT, B SR UY S
square cell

Simce we have assumed the field to vanish on the L AN N L AR T )

i
. R
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Fig. 4 Gnd pont and corresponding eight nearest neighbors and their no-
tattons used to sumphity the summation over the tour square cells in termes
ol the neld values at the nearest nesehbors that involsve £0G o,

The above expression is integrated over a unit square ceil
to obtain the result in terms of the values of the field at
the comners (i.e.. E... E,,,. E,... and E,;) and the values of
the index at the comer G.e., f,.. fu. fi.. and f.,). The
expressions are too long and have been omitted tor the
sake of brevity.

Thus. the integrals of functions [ (12) and J (13) over
a single cell are summations involving the square terms
El. E. E;, . E.. and the cross-j Joduct terms £, F,,.
Ew Ei.. cte.

To caleulate the imegrals over the entire region bounded
by PORS. these summations are added over all the cells
in PORS. The housckeeping involved in the summation
process is very complex. and the following scheme is used
to simplify the same. As shown in Fig. 4. corresponding
to a grid point G. cight nearest neighbors are detined und
denoted by their directions. In terms of the tield values at
the nearest neighbors. the summation over all four cells
involving the field F(G) at point G [from (27)] is eox-
pressed as

2 \ \ E-de dy'
sguares

wontanimy Y
point G

it

!

\SE(G) + 2EE) + 2EN)

I:
=L Gy
18

oo e Lo Lo
+ 2KEWy 4 208y + P ARY A 1k(.'\l‘.)

|
E(SWy + S ESED 129)

-

+

to! —

'

Equation 29y indicates that the expressions for { and J
only have square terms E(G) and cross-product terms
E(G) ECN) L EGy FeNW, ete. Theretore, /and J van be
expressed i quadratic forms given by

1= Ulhat (3

and
JoUTRU )
270
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where A and B are real symmetric matrices and U is a
vector containing the values of the field at the grid points,
ie..

U= [EW. EQ). -+ . E(196)]".
Now N is expressed from (16) as
N = 11 = (U AUU'BU). (3

For given matrices 4 and B. X is a function of the vector
U and its stationary value A* is given by the condition

)N
— = 0. 13
1 (

Differentiating (32) and substituting in (33). we get
AU = N*BU. (34

Premultiplyving both sides of (34) bv B™', we get a ma-
trix-eigenvalue equation

(BT U = 2\ U (35)

For a given set of waveguide parameters. namely | the in-
dex protile f(x'. ¥') and the V number, the matrices 4 and
B uare found by evaluating the summations for the func-
tions / and J as outlined before. Then A* is found by cul-
culating the eigenvatues of the matrix (B 7' A) and (22) is
used to calculate b from A*,

(B "A)isa (196 x 196) matrix, and therefore has 196
cigenvalues. We are interested in finding onby those e1-
genvalues which correspond to the mode propagation con-
stants. Since 0 = b < 1. from (22) we see that the only
values of A* that lie between 0 and V- correspond to the
modes of the waveguide.

For numerical computation of the eigenvalues of a ma-
trix. simple algorithms are available o tind the largest
cigenvalue, such as the power method. This method can
be modified to tind the eigenvalues between the range 0-
V: as tollows.

In general, for any matrix A, if gy, s, pae =0 0 Ly are
its cigenvalues with eigenvectors Uy, Us. U, -+ | U,
then the matrix (A — /)" has the same ereenvecton
coniesponding to the eigenvalues (x, — » ', and hence
the power method, apphied 10 (A = ml) ', converges o
the eigenvalue (g — my 7!,

From the physical considerations, a reasonable estimate
of the value ot by available for a given waveguide. For
example. the tundamental TE mode has its £ closest o
compared to any other mode.

Thus. the cigenvalue A* can be estmated as

)\xﬂ — l,vl[,

(30)

sl

and this estimated value of A~ i used in the modihied
power method. The atyonthm can handle arbitrany aspect
ratios as follows.

Constder the antegral 7 as given by (123 It can be re-
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written as the sum of three integrals so that

) . |
I = gg VA vy E-de’, dv' — —
I ;
A LAY
gg <K> d’dy' ~ 5\ (5"> detdv'. (A7)

D D

Now each of these integrals is expressed in a quadratic
torm, so that the matrix A in (30) can be expressed as the
sum of three matrices:

A = A, —%,4:—‘4, (38)
r
where 4. A,. A, correspond to integrals on the right-hand
side of the equation.

Note that (1/r7) appears as a scalar which multiplies
4>, and as a result. no reformulation of matrices 4,. 4.,
A is needed when the aspect ratio r is changed. This per-
mits the method to consider arbitrary changes in aspect
ratios without any additional reformulation. As a result.
the aspect ratio can be read as an input datum by the al-
gorithm.

The steps involved in the algorithm are given as fol-
lows.

1) Read the values of the ¥ number, aspect ratio r, and
an estimate of b.

2) Read the index profile fix'. v') at grid points.

3) Set up matrices A and B.

4) Calculate B™' A.

5) Apply the power method to find A. the cigenvalue
and U. the eigenvector of B ™' A.

6) Calculate b.

7) Print the values of E(x’, ¥') at the grid points (the
field profile) and the value of & (the normalized propaga-
tion constant).

1. VERIFICATION AND CASE STUDIES

The algorithm is coded in Fortran. The main program
reads the index. sets up the A and B matrices, and calls
separate subroutines for matrix inversion and cigenvalue
estimation. We illustrate our resulis for the quasi-TE
mades only. This is convenient because the first cigen-
value determined always corresponds to that of the TE
mode since the b value for the quasi-TE mode is always
larger than that of the quasi-TM mode for a given ¥ value.
Double precision arithmetic is used to keep the numerical
errors in the matrix inversion as small as possible.

To verify the accuracy of our variational-finite differ-
ence method, a specific asymmetrical step index channel
waveguide (Mepane = 1.05 X 1 gnume ) 18 considered. For
this wavcelength, the h-V characteristics have already been
presented by Marcatili [2]. Figs. S and 6 show the results
for aspect rattos r = 1 and 2. respectively. 1t s seen that
the results are in excellent agreement, establishing the va-
hdity of the variational-finite ditterence method. The re-
sults of the variational-finite ditference method, however.
are uscful forany arbitrary aspect ratio and index profile.
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Fig. 5. b-V characteristics  comparnison  between vanational-ditference
method and Marcatih's method tor an asy mmetrical, step index channel
waseguide with the aspect ratio r = 1.
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Fig. 6. b-} charactenstics companson  between  vanational-ditference
method and Marcatth’s method tar an asy mmetrical. step index channet
wavegwde with the aspect ratio r = 2,

The algorithm is executed on Harris 800 minicomputer.
Due to the limited computer time and memony capacity.
a 14 X 14 grid is chosen (as shown in Fig. 2). Exccution
on a mainframe computer will make it possible to choose
a larger grid size and thus improve the results near cutoff.
There are no tnherent limitations to the accuracy of this
method.

As an additonzl verification, the method is apphed to
channel waveguides with a very large aspect ratio (r =
100) 1o simulate planar waveguides of two indey profiles.,
namely. the Gaussian-Gaussian and the erfe-Gaussian
profiles. The -V charactenstics of these large aspect ratio
channel waveguides should approach those ot planar
waveguides with the corresponding index profiles in the
depth direction. The h-V charactenstics for the planar
wavegutdes are calculated by the numerical integranon of
the normahzed mode dispersion equation [15]. Fig. 7
shows the comparison between the b-1 charactenistics of
the TE,, mode for the channel waveguides and the fun-
damental mode om = 0y for the planar wavegutdes. The
exeelent agreement as seen trom Frgo 7 gives an addi-
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Fig. 7. Compa-son between the b-F characteristics of the fundamental
tquast TE,, ) mode of the channel waveguide and the tundamental mode
(TE,) of the planar wavegumdes for large aspect ratios. The curves are
plotted tor r = 100.

r=1, Gaussian-Gaussian Profile

Fig. 8. b-V charactenisucs for the first three (TE, . TE,,. and TE,, ) modes
for the Gaussian-Gaussian profile and r = 1.

tional confirmation for the validity of the variational-finite
difference method.

We present the normalized propagation characteristics
of diffused channel waveguides of practical interest, viz.
the Gaussian-Gaussian and the erfc-Gaussian profile.
These profiles are realistic in the case of titanium diffu-
sion [16] in LiNbO, and Ag*-Na” (or any other set of
species) ion-cxchanged glass waveguides [17]. For the
Gaussian-Gaussian function, the profile can be approxi-
mated by

flx' y')y = e” e (39)
For ion cxchange in glass. the profile can be approxi-
mated by the erfe Gaussian function given by

flx', ¥y = e erfe (x'). (40)

The variational-finite difference method is applied to
these profiles for calculating the b-V churacteristics of the
first three modes (i.c.. TE;,. TE, . and TE,, modes). Figs.
8 and 9 show the results for the Gau-sian-Gaussian protite
for the aspect ratios of 1 and 2, respectively. As seen 1n
Fig. 8, the TE;, and TE,> modes for the Gaassian-Gauss-

r=2 Gaussian-Gaussian Protile
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o

o
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=}
-
»~

Fig. 9. b-V charactenstics tor the first three (TE,, TE(.. and TE. } modes
for the Gaussian-Gaussian protfile and r = 2.
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Fig 10, Normahezed modal field profile for the fundamental mode tor the
Gaussiae-Gaussian profile, r = L and V' = 7

1an profile are almost degenerate when the aspect rato is
1.

We now describe the caleulation of the normalized field
profiles in graded index channel waveguides. We have cal-
culated the eigenvalues of matrix (B ™' A) to tind &. Since
the elements of vector U are the field amplitudes at the
grid points [i.e., E(1), E(2) + - - E(196)]. the eigenvector
of (B ™' A) associated with the \* corresponding to a mode
gives the values of the modal field distribution E(x’, ')
at the grid points. In our calculations, we present contours
for two different aspect ratios. viz. r = 1 and 2. These
contour plots can find applications in the design of wave-
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Fig. 12. b-1 characteristics ot the first three modes for the erte-Gaussian
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Fig. 13 b-¥V charactenstics ot the first three modes for the erfe -Gaussian
prafile and r = 2,

guide-waveguide and waveguide~fiber couplers since the
coupling coetficient (in butt coupling) depends upon the
overlap of maodal fields of the individual channel or fiber
waveguides.

Fig. 10 shows the normalized model field profile and
contours of such a channel waveguide with r = | for the
fundainental mode when the tirst-order hybrid mode TE,,

MODE CONTOURS

=1
v =9
E ertc - Gaussian proflle
: : . . : .
-0.5 -0.3 -0 0.1 0.3 os y'

Fig. 14, Normmalized modal field contours for the fundamental mode tor
the erte-Gaussian protile. r = fand V' = 9

is Just at cutoft corresponding to a V value of 7. Similarly,
Fig. 11 shows the tundamental mode profile for r = 2 and
V =5 with TE,» barely propagating.

When the aspect ratio is increased to 2, as expected.
the TE,» mode propagates with a higher propagation con-
stant compared to that of the TE,, mode. Similar results
for b-V characteristics of the erfc-Gaussian profile for r
= 1 and 2 are plotted in Figs. 12 and 13, respectively.
The cutoft V numbers for the modes of an erfc-Gaussian
profile are higher than those of the corresponding modes
of the Gaussian-Gaussian profile (with the same aspect
ratio). This behavior is also observed in asymmetric planar
graded index waveguides [11]. [15].

As before. normalized modal field contours and the
profiles as a function of x' and v’ are also presented for
the fundamental modes in Figs. 14 and 15 for the case r
=1L V=9und r = 2.V = 6. respectively, which cor-
responds again to the case when the next higher order
mode TE» just begins to propagate.

These b-1 curves and modal ficld distributions are use-
ful in the design of directional couplers, Muach-Zchnder
interferometers, sensors, and switches as well as scores
of other components which require diffused channel
waveguides. Although these curves are not quite accurate
near cutoff, they give an accurate estimate ot the range of
V over which the waveguides are single mode. The ac-
curacy near cutoft can be increased by increasing the ma-
tnx size and computation time. The knowledge of prop-
agation characteristies tar away from cutoff, however, 1s
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essential in the fabrication of cenain devices (especially
planar Mach-Zchender interterometer sensors) which re-
quire well-guided waveguides with onlyv one propagating
i mode.

IV. CoxcrusioN
In conclusion, we have reported a variational-finite dit-
ference method for analyzing graded index channel wave-
guides with arbitrary index profiles and aspect ratios. The
index prohles of practical interest are analyzed using this
method. and the resulting b-V characteristics and the nor-
malized ticld profiles are presented as case studies.
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WKB Analysis of Planar Surface Waveguides with
Truncated Index Profiles

RAMAKANT SRIVASTAVA. C. K.

Abstract—We present a WKB analvsis of planar surface waveguides
with truncated arbitrary refractive index profiles. It is shown that the
phase change ut the turning point on the substrate side approaches zero
near the cutoff. The validity of the conventional assumption of con-
stant phase change of 7,2 at the turning point is investigated, and the
consequent errors near the mode cutofts are analy zed for index profiles
of practical interest,

HE WKB method has been extensively used for the

calculation of propagation constants of guided modes
in optical waveguides [1]-|7]. In the limit of slow index
variations across the guiding cross section, with the trans-
verse waveguide dimensions much larger than the wave-
length. this method predicts the propagation characteris-
tics of multimode optical fibers [1] with reasonable
accuracy. In the case of a step-index planar waveguide,
the method gives exact results independent of the wave-
guide dimensions (represented by the V parameter). and
the derived propagation constant values (b — V curves)
are the same a» those obtained by solving the wave equa-
tion with appropriate boundary conditions {2]. This 1s at-
tributed to the fact that in the case of the step-index planar
waveguide. exact expressions for the phase change for the
total internal reflection at the cover and substrate inter-
faces arc available which are vilid regardless of the prop-
agation constant of the guided mode [3]. Motivated by the
success of the WKB theory in step-index planar wave-
guides. researchers have applied it to the graded-index
waveguides [4]-{7]. In this approach. it is generally as-
sumed that the phase change 2o, at the turning point on
the substrate side is /2. Moreover, since most surface
waveguides have air as the surrounding cover medium,
the mode cutoff condition is determined by the substrate
refractive index. In this limit. the phase change upon total
internal reflection at the cover surface is very nearly .
With these assumptions. b — V curves and modal fields
have been calculated | 7] for graded-index waveguides and
shown to be in agreement with exact analytical solutions
tor parabolic and exponential index profiles in the case of
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large V. The error caused by assuming a constant phase
shift of 7 at the cover surtace has also been examined [7].
When a mode is buried and one of the wuming points lies
near the film-cover intertace. the phase change upon re-
flection at this turning point becomes dependent on the
propagation constant. In this case, WKB approximation
has been shown [5] to give accurate results for well-guided
modes provided the above dependence is included in the
analysis.

In this paper we show that although the approximation
of the /2 phase shift at the turning point on the substrate
side is acceptable for well-guided modes (large V), errors
are caused in the calculated propagation constant at lower
V-values. particularly near the cutoff. This problem is of
paramount importance when the b — V curves are used
for calculation of the tield profile of guided modes, es-
pecially in the case of single-mode waveguides. Further-
more. since the b — V curves are often used to character-
ize the planar waveguides for the diffusion profile 8], [9)
and the An value from mode index measurements [8]-
[10]. any error in these curves is likely to give erroneous
results for the waveguide parameters. The quantitative
evaluation of the error introduced by the assumption of ¢,
= 7 /4 for modes near cutoff was first alluded to in [5]
for surface waveguides with parabolic profile. It was sug-
gested that the correction to ¢, depends on the first deriv-
ative of the index at the film-substrate boundary and de-
creases as the mode effective index approaches the
substrate index. i.e., as the mode approaches the cutoff.
However. no analysis was presented to understand the be-
havior of @, near cutofl. Recognizing that in truncated
profiles the phase shift 2¢, has to approach zero near the
mode cutoff. we have obtained curves for ¢, as a tunction
of the propagation constant by using the WKB theory and
comparing it with b — V¥ curves as obtained by the nu-
merical solution of the wave equation using the finite dif-
ference method [12]. The variation of @, is shown to be
directly related to the change of the slope of the refractive
index profile near the substrate interface. and the quanti-
tative results are in agreement with those of [S]. To the
best of our knowledge, this is the first report which con-
siders quantitative variation of ¢, in the cutoft region using
the WKB approximation.

Consider the truncated graded-index profile n(x) of the
waveguide as shown in Fig. 1. The curved ray trajectories
make an angle 8( x) with the x-axis. The propagation con-
stant 3 and the transverse propagation constant «(x) are
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in the text.

given by:

B8 = kon(x) sin 8(x) (1)
k(x) = kon(x) cos 0(x) = Vkin-(x) — 8. (2)

Using the WKB approach. the condition for the TE,. mode
propagation is given by the characteristic equation [2]

Il

S k(x)de = m7 + &, + ¢, (3

0

(98]

where ¢_ is one-half the phase change at the cover sur-
face. The expressions for ¢, and o, are given by [3]. [6]

) Bg _ I\':,IIZ 1,2
1 i .
=t s s
¢, = tan PEPE . (4)
and
. 87 = kin(x, + 6)}' ;
¢, = lim tan™" | = —
5—0 ,k()n-('xl - 6) - 8-

Upon binomial expansion of the RHS, the above equation

becomes
f@ )
dx ty—b) -

y
¢, = lim tan~" (‘" (5)

o0 dx

fu=+b)

At the tumning point

NN

8(x,)
and
B = kyn(x,).

If the turning point x, is “*far’’ trom the substrate inter-
face, the wave does not “‘se¢’’ the discontinuily in the
slope of the index profile at the interfuce. In this limit, it
has been shown [6] that ¢, = « /4 with the total phase
change 2¢, = 7 /2 at the turming point. Tais corresponds

to the case of a well-guided mode (8 — kyn,). or to any
mode of an untruncated profile such as Gaussian or ex-
ponential. However, in truncated profiles. as the mode
approaches its cutoff, 3 = kyn, and x, — film-substrate
interface. At the cutoff. therefore, the slope discontinuity
forces the numerator in (5) to be zero. Thus we obtain &,
=0forb=0and ¢, = n/4 forb — 1.

The fact that ¢, s zero at the cutoff is not surprising. In
the case of an asymmetric step-index waveguide. the
phase change at the substrate interface is given by

2 2 2+qlt/2
_ -1 “3 = kgny,
o, =tan | TS
Lhkgns — B°

which approaches zero at the cutoff Interpreted differ-
ently, it reflects the fact that as the ray approaches the
critical angle of incidence at the interface. the phasc
change drops to zero. We return to this point later when
we discuss the case of a buried waveguide with a sym-
metric profile. For the sake of completeness, we also write
the expression for ¢, at the cutoff point for the asymmetric
surface waveguide of the type shown in Fig. 1:

(é‘ )cu(off = mn;l \/ZI_; (6)
where ay is the asymmetry parameter defined by [2):
ny — nf
- (322) "
He — Ny
For an ion-exchanged glass waveguide.n, = 1.n, = 1.5

and n; ~ 1.52 and (8) gives ¢, = tan”' V207 = 0.43 7.
In LiNbO. and GaAs based waveguides, ¢, is larger due
to the higher asymmetry and is thercfore close to 7 /2.

In dealing with waveguides. it is convenient to write
the dispersion relations in terms of the normalized fre-
quency Vand the normalized propagation constant b given
by (2]

V = kydvn; — n; {8)
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and

B0
(5 )

(n; — nj;) (9)

Here d is some measure of the diffusion depth depending
on the profile.

Now let us write the characteristic equation (3) in terms
of the normalized parameters [7]. We write

= (10)
X = d

and
flx') = (n(x")

Thus (3) for the case An << n, becomes

- m,)/An. (1)

S PNfIX') = bde = mm 4+ o, + o, (12)
{

)

Let us consider the following index profiles:

flx) =1 (step-index)
=" (exponential )
= ¢ (Gaussian)
=1 ~x'"  (parabolic)
=] —x' (hincar). (13)

From (12). assuming ¢, = 7/2 and ¢, = = /4 [4]-[7].
we get the cutoff condition

V. S VA )Y de = mr o+ o (14a)
‘ ,

4
]
On the other hand. using the expression for ¢, as given
by (4) and using ¢, = 0 at the cutoft, we get

1 2 AL
S Jf(x'ydv' = inm + tan”! <L’lr—-il—(.> (14b)
0

n; — nj

showing that the error in the cutoff normalized frequency
V. of any mode is given by (37— 0.437)/(fy Vfix )Y dx")
for the ion exchange case described previously. The value
of the integral in the denominator is 2, ¥ /2. 7 /4, and
2/3 for untruncated exponential. untruncated Gaussian,
parabolic. and lincar profiles, respectively. Thus the error
in V. amounts to 0.44, 0.70. 1.12. and 1.32 for the four
profiles. respectively. The waveguides of practical inter-
est have a Gaussian or an ERFC profile or a combination
of the two. Therefore, theoretically ¢, = 7/4. indepen-
dent of b, due to the infinite width of these functions (x/
= o0 ). However. in practice the diffused waveguides have
truncated profiles and the tunction f(x") does go to zero
at a finite distance. Nevertheleas. the errors cited above
will not change significantly due to the truncation of these
profiles as the contribution to the infegral on the LHS of
(14) is negligible beyond v" = §

The conclusion that the phase shift at the turning point
near the cutofl’ goes to zero can also be reached by ana-
lyzing the case of a buried waveguide with a symmetric
profile with x;, and /. as twrning points. The characteristic
equation in this case becomes

k PVAX') = b dy' = mm + 20, (15)

In the limit b — 0. it is required that for the fundamen-
tal mode. the cutoff ¥ value be zero. This is achieved only
ito, — 0.

So far we have discussed only the two extreme cases.
b = 0 and b — 1. The picture in the intermediate range
(of practical interest) is not so clear and exact analvtical
expressions for ¢, are difficult to obtain. In order to over-
come this problem. we have numerically calculated the &
—~ V¥ curves for the step-index and all the four graded-
index profiles. using the finite difference method [11]. The
high accuracy of the finite difference method was checked
by comparing the calculated b — V curves and the mode
field profiles with those obtained by the exact analytical
solution of the characteristic equation derived from the
field continuity conditions in the case of step-index and
exponential profiles. We have observed that the discon-
tinuity in the index protile does rot appear to affect the
numerical field solutions to any detectable extent. A de-
tailed study of the tinite difference method will be re-
ported elsewhere [12]. In order to calculate the b-depen-
dence of ¢,. o, was used as a parameter and for a given
b its value was chosen to be that which gave agreement
with the » — V curves obtained by the finite difference
method. Fig. 2 shows the results for the two lowest order
modes in the case of linear and parabolic profiles. It is
observed that for b values down to 0.5. ¢, remains con-
stant and equals = /4. It then starts decreasing. reaching
a very large slope near b ~ 0.1, and approaching zero as
b — 0. It is this steepness of the curve for lower b-vulues
which is responsible for the flatness of the b — 1 curves
near the cutofl. In this region. therefore, the conventional
WKB gives large errors. No calculations were made for b
< 0.01 as a very large number of grid points is necessary
to give accurate results in the finite difference method. In
practice. the mode becomes highly attenuated forH < 0.1
and the cutoft is measured at higher V-values than those
predicted theoretically. This behavior also suggests that
the # — V curves snould be used with caution to estimate
the theoretical cutoft values.

A tew words regarding the shape of the curves in Fig.
2 are in order at this point. In panticular. (5) predicts an
abrupt drop in ¢, from 7 /4 10 zero at b = 0. whercas Fig.
2 shows u gradual decrcase in ¢,. The explanation of this
behavior fies in the proximity of the twurning points to the
fillm -substrate interface given by x' = 1 for these protiles.
The posittons of these wrming points tor linear and para-
bolic profiles are given by x;, = (1 - b) and v; =
VI = b respectively. The corresponding normalized dis-
tances from the film-substrate interface are b and 1 -
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Fig. 2. Phase shift dependence on the propagation constant.

~1 — b. respectively. Thus for b ~ 0.1, these distances

are of the order of wavelength of the radiation. and the

[1

profile slope discontinuity at x = 1 therefore is likely to

influence the phase shift. As b decreases further, the effect 12
of the slope discontinuity is larger. causing a steep decline
in the ¢,(b) curve shown in Fig. 2. This also explains the

131

fact that for a given & value. ¢, for the linear profile is 14
larger than that for the parabolic profile, and the exact

torm of the ¢, versus b curve depends on the index profile. 15

The larger discrepancy at lower b-values between the con-

ventional WKB (¢, =

7 /4) and the analysis presented
here is in contrast with the results of [S] where the error

16

was found to decrease for higher order modes in the case

of the exponential profile. This is related to the fact that

171

in [5] ¢, was assumed to be constant ( = 7 /4), which is
a perfectly valid assumption for untruncated profiles. For 18!
the case of an unburied parabolic profile. however, the
WKB results for the TE; mode in [5] show an error similar {91

to that discussed here.

Although the results for truncated Gaussian and ERFC

profiles are not presented here, similar behavior ws ob-

110]

served in these cases. For untruncated profiles, on the

other hand, f(x') never goes to zero at a finite value of x’
and therefore x, for any mode theoretically occurs well

1]

within the guiding region. Thercfore ¢, remains constant

at a value of x /4. This was shown quandtatively for the 12

exponential profile even for the cutoff of the fundamental

mode [13]. This is consistent with the requirecment that ¢,

go to zero at cutoff oiiiy when the turning point is at the
discontinuiwy of the slope of the retractive index. where
dn /dx becomes zero beyond the turning point as required

by (5).

In conclusion, we have analyzed the error in the con-

ventional WKB theory caused by the assumption of a con-
stant phase shift of 7 /2 at the uming point on the sub-
strate side of a planar graded-index surface waveguide. It
is shown that in untruncated profiles the phasc shift at the
turning point on the substrate side depends on the propa-
gation constant and approaches zcro at the cutoff. The ex-
act variation of the phase change depends on the index

profile.
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REFERENCE (221

Wavelength-dependent propagation characteristics of
Ag*T-Na™ exchanged planar glass waveguides

S. I. Najafi, R. Srivastava, and R. V. Ramaswamy

Planar glass waveguides fabricated by diffusion of silver ions in soda-lime-silicate glass substrates have been
characterized by measuring the wavelength dependence of propagation constants of the guided modes. The
results are in good agreement with theoretical prediction obtained by an accurate WKB analysis using a
complementary error function for the index profile. Cutoff wavelengths of higher-order modes are larger
than were predicted by the analysis and are a result of higher attenuation encountered close to the cutoff.

I. Introduction

Glass waveguides fabricated by ion exchange in
soda-lime glass have assumed an important role in
many applications such as optical communicaton, sen-
sors, and more recently as potential candidates for use
in optical signal processing. Different ions, e.g., T1*,
Ag*, K*, have been diffused in glass to obtain an
adequate graded-index profile to achieve guidance.}
Each of these ions has its advantages and drawbacks.
For example, T1* is known to be relatively toxic, Agtis
susceptible to reduction and K* provides very low
index changes. Of these, we have extensively studied
incorporation of Ag* by ion exchange using a highly
controlled electrolyvtic process® for release of Ag* in a
molten bath of NaNQ:. Unlike the conventional
methods where glass substrates are immersed in mol-
ten AgNOy, giving rise to large values of index change
at the surface (An ~ 0.08), this >chnique allows very
low concentrations of Ag* in the bath., Since An de-
pends on Ag' concentration, the lower value of An
obtained is helpful in controlling the V-number of the
guide because the diffusion depth can then be in-
creased considerably which can be controlled precisely
by diffusion time and bath temperature. Single-mode
guides with reproducible characteristics have pro-
duced in the laboratory using this process. We found
Ag* attractive for fabrication of planar waveguides
due to two important features: it is possible to detect
Ag* using the backscattered SEM (scanning electron

The authors are with University of Florida, Department of Elec-
trical Engineering, Gainesville, Florida 32611.
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microscopy) analysis which is helpful in index profile
studies, and silver rods of high purity are commercially
available for the release technique. Infact, planarand
buried slab and channel waveguides have also been
fabricated and analyzed.**

In previous work®® we reported detailed studies of
Ag*-Na™ exchange waveguides. It is shown that the
diffusion profile as measured by the SEM technique
closely resembles a complementary error function.
This conclusion was confirmed by the fit of the index
data (index profile assumed to be that of the Ag*
diffusion) to the measured values of the mode index for
all the guided modes. This was performed using two
fitting parameters—the diffusion coefficient D and
An. Empirical linear relations were thus obtained
between the low Ag* concentration and the corre-
sponding index change An.®

In this paper we report the results of the measure-
ment of the mode index as a function of wavelength.
The data are then fitted to the b~V curves as predicted
by a more accurate WKB analysis in which the b-
dependent phase change at the turning points and the
cover surface are included.” The only fitting parame-
ter used is An. It is observed that for all the guided
modes, the data give a much better fit to the calculated
b-V curves for the erfc index profile compared with the
Gaussian or exponential profile. This result, con-
firmed by our previous work,?-% supports the postula-
tion that the index profile is a complementary error
function when diffusion takes place from an infinite
source and is in sharp contrast to the reports where the
mode index data were found to be consistent with
Gaussian or a polynomial® profile. It is also observed
that cutoff wavelengths of the higher-order modes are
larger than those predicted by theory, a fact consistent
with the higher attenuation suffered by the higher-
order modes near the cutoff.
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Il. Diffusion and Propagation Characteristics

The diffusion equation in the case studied here may
be written as®

T=n . (1)

where C is the concentration of the silver ion, D is its
self-diffusion coefficient, and ¢ is the time of diffusion.
The solution of Eq. (1), subject to boundary condi-

tions C(x,0) = 0 and C(0,t) = Cy, is given by
Cix.t) =Cy crt’v(—"‘\;) . (2)

where

W, =2yDt, (3)

o e
erfciz) = ;J expl—a“ida. )
T e

W is called the effective depth of diffusion and corre-
sponds tof

C(W,.t) = 0.157C,. (5)

Note that the condition C(0,t) = C» assumes an inex-
haustible source of diffusing ions. W, depends on the
self-diffusion coefficient D which in turn depends on
the structure and composition of the glass, the concen-
tration Cy and the diffusion temperature. For small
values of C», Eq. (2) represents the refractive-index
profile

n(x) = An erfc (—x;) + ny, (6)
W,

where An is the refractive-index change at the surface
and n, is the substrate index. Since direct-index pro-
file measurement using optical methods in planar
waveguides is not an easy task, the backscattered SEM
analysis of Ag* concentration in glass has been per-
formed® to obtain this information, at least for low

Fig. 1. SEM photograph of two waveguides epoxied face to face.
The dip between the two waveguides is due to the epoxy.

concentrations. For low values [~10~¢ MF (mole frac-
tion)] of Cq, D was observed to increase linearly with
Cy. For given values of temperature T and C,, the
value of D may not vary much from one glass to anoth-
er. Thisisshown in Fig. 1 which is a SEM photograph
of two waveguides made in identical conditions (same
T, Co, and t) with Schott 8011 glass (left) and a Fisher
microscope slide (right). Although the difusion depth
ratio
H’0 Schott -
“VO Fisher t g )
gives Dschor/Drisher = 1.1 in these conditions, the re-
fractive-index change for the two glasses is very differ-
ent,
Angchott .
AnFishtr =42 (8)
This is believed to be due to the compositional varia-
tion, especially different Na* concentrations in the
glass. Once the index profile is determined, the prop-
agation characteristics and the modal field profiles
E.(x) for the TE modes can be calculated by solving
the wave equation

d’E, 0 o )
++ [k§n*) = B°JE, =0 (9
dx* '

for each mode. In this work we are interested in the
wavelength dependence of the propagation constant 8
for each mode. This can be calculated by the WKB
theory which involves solving Eq. (9):

T V27,0 = 3
v [flx) — b]Y=dx" = m+1— x, (10)
0
where the normali_ed frequency
V= kyd 2030 (1)
and the normalized propagation constant

N -
b= (N?-n})/(2n,An) ~ T

, (12)
Here N = 8/K,, x' = x/d, and x, is the turning point on
the substrate side for the rays representing mode m.
f(x’) is the normalized index profile given by

n{x) —n,

— (13)

fx) = w

For a complementary error function profile, f(x’) =
erfc(x’) and d = W,. For Gaussian exponential pro-
files f(x’) is exp(—x'%) and exp(—x’), respectively, and
fld)y = 1/e.

Equation (10) assumes that the phase shift is —= at
the cover interface and —=/2 at the turning point.
When the cover material is air and the mode is well
guided (b — 1), these approximations do not introduce
large errors in the b-V curves.” However, it is expect-
ed that the phase shifts on the cover as well as on the
substrate side be b dependent. If these considerations
are incorporated in the WKB equation, the exact b-V
curves can be obtained. We have verified their accu-
racy for homogeneous slab waveguides as well as for
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Fig. 2. Schematics for measurement of wavelength dependence of
the mode index.

the three profiles considered here, namely, erfc, Gauss-
ian, and exponential, by solving Eq. (9) using the finite
difference method.” Therefore, to analyze our data,
we have used these more accurate b-V curves. These
are shown in Figs. 3-5 and will be discussed later.

lll. Experimental

The fabrication procedure is the same as described
earlier.? The results reported here are for the wave-
guide made in the following conditions:

Ag* concentration, Cy = 4 X 107*MF;

Fabrication temperature, T = 330°C; and

Diffusion time, t = 45 min.

For optical characterization, the waveguide was pol-
ished at one end and the collimated radiation from a
monochromator was prism coupled as shown in the
schematics in Fig. 2. It was possible to collimate the
beam by using a 2-mm diam aperture and by focusing
the beam on the prism using a 40-cm focal length lens.
The incident beam and the prism coupled output visi-
ble radiation could be seen on a white card when the
room lights were off. The angle of incidence { which
the incident beam makes with the prism normal is
related to mode index N by the well-known relation

N=n, sin[A +sin™ (5‘3“)] : (14)
np

where n, is the prism refractive index and A is the
prism ingle.

The angle ¢ for each guided mode was measured by
rotating the prism table until maximum power was
detected in that mode at the waveguide exit and indi-
cating maximum coupling. The output power was
collimated by an objective lens, detected by a photode-
tector, and monitored by a lock-in amplifier. Mea-
surements were repeated five times for each mode and
at each wavelength and the average value of | was
chosen for calculation of N using Eq. (14). The mode
indices were measured at discrete wavelengths in the
500-1000-nm region. The wavelength dependence of
n, was calculated by using the Sellmeier coefticients
provided by the manufacturer (Schott SF-18 glass).
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As will be seen in the following section, a complete
analysis of our data requires knowledge of the wave-
length dependence of the refractive index n; of the
glass substrate. The measurements of n, were carried
out at the wavelengths of interest by using the mono-
chromator and an Abbe refractometer whose prism
refractive index was calculated by using the Sellmeter
coefficients furnished by the manufacturer of the in-
strument (Bellingham & Stanley, Ltd., England).
The accuracy of these measurements was 1 X 1074in
the visible and +£5 X 1074 in the infrared, because of the
faint illumination at each wavelength. The mono-
chromator slits were set to give a spectral linewidth of
the order of 3 nm in each case.

IV. Results

Once the index N is determined using Eq. (14),the b
parameter can be obtained from Eq. (12) provided An
is known. On the other hand, the corresponding V
value for the respective mode also requires knowledge
of d, which was obtained from the SEM data for the
Schott glass in Fig. 1 and equals 5.7 ym. An was thus
the only parameter which was varied to fit the mode
index data to the calculated b-V curves for each index
profile.> For each wavelength, the measured mode
index of the zero-order mode was fitted to the calculat-
ed b-V curve and the calculated value of An was used
to determine the values of b and V for the next two
higher-order modes. The points in Figs. 3-5 corre-
spond to the b values for this value of An. This proce-
dure was repeated at other wavelengths. It can be
seen that the complementary error function profile
matches best with the measured data for all the guided
modes. The agreement between the theoretical
curves and the experimental values is poorer in the
case of exponential and Gaussian profiles. The same
conclusion was derived by fitting the SEM data and is
consistent with the diffusion equation solution for the
case where the supply of Ag* is inexhaustible, as is the
case here. This result which agrees very well with our
previous work,*-6 however, is in sharp contrast with the
K+ diffusion where the data have been shown to fit well
to the Gaussian profile.* A few comments about the
experimental points near the cutoff are in order. In
this region, the data points in Fig. 3 lie below the
theoretica! curve for the TE, and TE, modes whereas
in Figs. « and 5 there is nosuch trend. The behavior of
the experimental points near the cutoff in Fig. 3 can be
reasonably expected on the basis of premature leakage
of the mode : rom the guiding region due to presence of
defects in t.. waveguide, especially at the cover sur-
face. Similar effects have been observed in single-
mode optical fibers'Y where microbending or curvature
of the fiber shifts the higher-order mode cutoff to

shorter wavelengths. In fibers, however, this effect is
highly accentuated due to the much larger propagation
lengths involved. It must be noted, however, that the
cutoff values thus measured depend on the criterion
used for defining the cutoff point, whereas in optical
fibers standard procedures!! have been agreed on for
defining the cutoff wavelength, no such criteria are
available for planar or channel waveguides. Finally,
we recently became aware of a similar measurement of
the cutoff wavelength!” in LiNbQO; waveguides.
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Silver ion-exchanged, buried, glass optical waveguides with symmetric

index profile
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Symmetrical buried waveguides with fiberlike retractive index profiles using Ag " -Na ~ exchange
have been realized in soda-lime-silicate glass substrates. A simple scanning electron microscope
technique to determine the silver ion {refractive index| profile is also reported.

Optical waveguiding layers on planar substrates are use-
ful for making a variety of integrated optical devices. Most of
the work so far has been carried out by using titanium indif-
fusion in lithium niobate leading to the successful fabrication
of directional couplers, modulators, and switches.! One of
the problems with diffusion of Ti into LiNbO; is that the
electric field cannot be applied to enhance the diffusion pro-
cess. As aresult, Ti:LINDO, waveguides are shallow (=2 um
deep) and channel waveguides of narrow widths couple
poorly to single mode fibers due to significant modal mis-
match.” Glass waveguides, on the other hand, are compati-
ble with optical fibers and are useful in the fabrication of
passive devices needed for systems applications.

Recently, an ion-exchange technique has been used (o
fabricate graded index surface and buried waveguides in
glass® utilizing a two-step field-assisted diffusion process. In
this process, soda-lime-silicate glass slides are immersed in a
salt bath containing a mixture of molten sodium nitrate and
silver nitrate. Initially, a surface waveguide is formed by a
field-assisted diffusion of silver ions into the glass substrate.
This is followed by a second field-assisted diffusion with the
sample immersed in pure sodium nitrate. The index profile
of buried waveguides produced in this manner is skewed*
and is significantly different from that of single mode fibers
which have nearly parabolic index profiles. In this letter we
present a procedure for fabricating symmetrical buried
waveguides which are comparable in shape and size to the
core of single mode fibers. In addition, a simple but precise
scanning electron microscope (SEM) technique to charac-
terize the silver ion distribution and hence the refractive in-
dex profile is reported. In the two-step diffusion procedure,
the diffusion time and the applied field in each of the two
steps are two of the important parameters that control the
dimensions and the index profile of a buried waveguide. In
the previously reported process® an applied field in the range
of 30-100 V/mm was used. In our experiments, initial field-
assisted diffusion of silver tons was carried out for 30 min at
330 °C under a field of 45 V/mm with the concentration of
silver ions equal to 0.1 wt. % of NaNO,. It was then fol-
lowed by a second field-assisted diffusion in pure sodium
nitrate for 30 min under the same field, viz., 45 V/mm. This
results in a steplike waveguide. Fig. 1(a), which when
buried gives a skewed index profile, Fig. 1(b). These results

" Present address Department of Flectrical and Computer Engineening,
Unneraty of lowa, lowa City, TA 2242
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agree with profiles of buried waveguides aleady reported in
literature.?

The technique frequently used for measuring silver ion
concentration in glass waveguides is either sputter-etched
SEM? or electron microprobe analysis,* which are quite ex-
pensive and are not available at our university. We have in-
vestigated an alternative technique that uses backscattered
electrons in a scanning clectron microscope to determine the
silver ion concentration profile. The sample is bombarded by
an accelerated electron beam in a SEM with an accelerating
voltage in the range of 20-50 kV. The sample generates two
types of electrons, namely, secondary electrons and back-
scattered electrons. The secondary electrons are low-energy
electrons | < 50 eV} usually coming from the surface layer of
the sample ( < 500 A for the insulators), which contain the
information about the surface topography The back-
scattered electrons, which have higher energies { > 100 eV,
provide the information about sample composition. The
yield of the backscattered electrons increases monotonically
with the atomic number of the specimen,” while that of the
secondary electron is relatively insensitive to the sample
composition.

In ion-exchanged glass waveguides, the substrate mate-
rial usually contains jons such as Na*, Si**, 0~ ~,Ca" -,
etc., while the waveguiding region contains silver ions in
addition to the above. Since the atomic weight of silver is
much higher than that of the rest of the ions, the contribu-
tion of silver ions to the yield of backscattered electrons is
maximum. Thus, if we scan the end face of an ion-exchanged
waveguide using the SEM, it is possible to obtain a good
estimate of the silver ion concentration and hence the index
profile by looking at the backscattered electron intensity
profile.

The yield of the backscattered electrons is somewhat
dependent on the microscopic variations on the surface of
the sample relative to the incident electron beam and there-
fore, it is important to have a smooth surface to avoid back-
ward contribution due to surface roughness.” Thus, it is nec-
essary to cut the sample perpendicular to the waveguide
surface and polish the end face carefully. To avoid rounding
the edge of the waveguide while polishing, 1t is necessary to
cement a glass pad (made of the same matertal as the sub-
strate) to the surface of the guide using an epoxy. After the
polishing has been completed, the sample is coated with SO A
of carbon to avoid charging of the sample. In making the
SEM measurements, it is necessary for the electron beam to
be incident perpendicular to the sample. If this 1s not the

¢ 1986 Amer.can Institute 0! Physics
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FIG. 1. 1a) Index profile of a planar waveguide fabric ated by field-assisted
ditfusion of silver 1ons in the first step. 1b) Skewed ina *x protile of a buried
waveguide due to a second field-assisted diffusion of the sample shown in
lias, now 1n pure NaNO,. (ct erfc index profile of a plarar waveguide fabn-
cated by a first step diffusion process without applied elcetric tield. td} Sym-
metrical index profile of a burted waveguide with a second step field-asasted
diffusion of the sample shown in 1.¢), now 1n pure NaNQ..

case. a distorted profile is obtained due to the fact that back-
scattered electrons have a relatively large interaction vol-
ume.® The silver ion concentration profiles obtained using
this technique are shown in Figs. l{al~1(d). The dip in the
signal in the middle indicates the epoxy layer which has a
lower index than that of the glass slides on both sides. The
backscattered electron contribution due the epoxy, which is
an organic compound, is quite negligible. The silver ion pro-
file at the surface to the right of the epoxy layer indicates the
effective change in the index of the glass substrate due to
Ag " diffusion. We are presently working on characterizing
these waveguides.

Using an improved technique” that utilizes a novel elec-
trolvtic release process” in which silver ions are released elec-
trolytically into molten sodium nitrate, we fabricated several

Appl Phys Lett Vol 48, No 1 6 January 1986

single and multimode waveguides at 4 = 0.633 um. It was
experimentally determined that if no field is applied during
the first diffusion step, a surface waveguide with comple-
mentary error function profile (as expected for a constant
source diffusion) is formed. Figure lic) shows such an erfc
concentration profile obtained for the case when the diffu-
sion time was 30 min. When this waveguide is subjected to a
second diffusion, now with an applied field and in pure sodi-
um nitrate, we obtain a symmetrical structure with near
parabolic index profile as shown in Fig. 1(d}. The duration of
the first diffusion, the strength of the electric field, and the
diffusion time during the second step need to be controiled in
order to achieve the desired symmetrical, buried index pro-
file. For example, for the waveguide profile shown in Fig.
1(d), the first diffusion without drift field was carried out for
30 min at a temperature of 330 °C. The time of the second
diffusion was 30 min with an applied electric field of 30 V/
mm. The resulting waveguides were polished and analyzed
using SEM to obtain an estimate of their widths and refrac-
tive index profiles.

In conclusion, we have presented a procedure for fabn-
cating buried glass waveguides with fiberlike index profile
using Ag "-Na " exchange in glass. A simple technique
which uses backscattered electrons in a SEM to determine
both the vefractive index profile and the effective waveguide
width of Ag “~Na " exchanged glass waveguides is also pre-
sented.

The authors would like to thank E. J. Jenkins of the
Department of Materials Science and Engineering for his
assistance in SEM analysis and C. Wayne Twiddy for polish-
ing the waveguides. They would also like to thank S. Iraj
Najafi and Paul Suchoski, Jr. for critical reading of the
manuscript. This work was supported in part by a grant from
Air Force Office of Scientific Research, contract No.
AFOSR 84-0369.
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FDDZ Dl'lusion and modal characterization oi
Ag”-Na’ exchanged channet! wavequides

S. | NAJAFt and R V. RAMASWAMY, U. Florida,
Department ot Electrical Engineering, Gainesville,
FL 32611

fon-exchanged glass wavequides are expected
to torm the pasis for the potentially inexpensive
passive integrated optical components compatible
with single-mode optical hbers. Recenlly, an.im-
proved eiecirolvtic release techruique.' where sil-
ver 10ons were Introcuced 1nto a bath of moiten
NaNQ, containing the olass subsirate with the Ag*®
concentration controiied to better than £ 1 ug. was
used to fabricate low-10ss (¥0.1-3B/cm) optical
waveguides ov using Ag” -Na* exchange atelevat-
eg temperatures.

Although such a scheme facihilates precise
electronic contr 3!l ! 3l the process parameters,
namely. concentranon, temperature. and ime, tun-
damental ungerstanding of the diffusion process
and its relationship to the device charactenstics is
essential for the design of passive optical compo-
nents with assured repeatatiity. The diffusion
process has already been studied in detail? by
using the SEM backscattered electron yield as a
function of waveguide depth. For a small concen-
tration of Ag* with no appied field. the Ag* con-
Centration (and hence the retractive-index) protile

is given by
ax.n = G, erte —L) .
2,0t

For Co = 1077MF, O =0 28 um?/minfor Ag*-Na*
exchange in glass substrates. However, this val-
ve o' D decreases monotonically with decreasing
concentration  This behavior 15 not tully under-
stood and 1s presently under investigation. For

large appied fields, specitically tor Ext > 54/ 0L
the profile given by

C - Fut
Qe = 2 ertef XH
2 2401

1$ contirmed by SEM experimental results. A de-
taled siudy of the two-step process 1o achieve
buried symmetrical profiles where the second step
dtusion is carred out pure NaNO, and the
exlension of the siudy to Ag*-Na* exchanged
channel wavequides n particular will be present-
6d  Absoiute values of An for the channel wave-
Quides are obtained by measuring the ratio of the
Peah indies for the channel and planar wave-

Wf—'ﬁ—
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guides using SEM data and comparning the values ot
La1i0n e pranar wavequioces.©

Channel wavequides were formed by the
Ag*-Na* exchange through a window of varying
(2-10-um) widths wtith the pattern rephcated i an
aluminum mask over the g!ass substrate using the
standard photolithoaraphic techriques. The diffu-
sion prohle of the channet waveguide s deter-
mined by measuring the backscattered electrons
as a ftunction of both waveguide depth and wdth
using a SEM? Figure 1 shows a typicat 2.0
backscattered electron protile tor a channel wave-
guide. 10 um wide, laoricated at T = 330°C with
Co =2 X 107*MF and t = 60 min. We aid not
observe. however, any deposition of sitver under
the edges of the aluminum mask opening as re-
ported in the Iterature *

The channel wavequide was epoxied against a
planar wavequide tabricated n identical congitions
and analyzed using @ SEM.  Fiqure 2 shows the
vaniation ot diftusion depth {measured at tha 1/e
point from the surface) tor the channel wavequide
compared with that of the planar waveguide. as a
function of mask width. As betore. decreasing Gy
decreases diffusion depth., and the increasing
quiie width =20 235ec Tt septh of giftusion ap-
proaching that of the glanar wavequide However,
for lower concentrahions, planar values are
achieved at lower guide widths. The absoiute
value of An of the channel wavequides can be
determmned by using the corresponang value n
planar wavequndes,“ For low siiver concentraton.
the peak value of An varies between 0 C05 ang
0.02 depenaing on the AQ* concentration and co-
erating waveiength. These excenmental resuis
and index pronte measyroment wil Lg comeareq
10 the theoretical prediclicns.

Light was coupled to channel wavequices using
a mucroscope opjective at He-Ne (0 6328-umi ang
Na:YAG {1.32-um) laser wavetengtns. The num-
ber of modes measured at eacn wavelengin s
summarized n Table | Using a s.-mitar setuo re-
ported elsewhere.’ the cutott waveiength tor the
lowest-order mode was measured  The cutoff
wavelengin tor the smallest wavecu.ce (2 um)s A,
= 1.43 um. The vanation of the cutolt wave-
length with wavequide ¢imensions. estimation of
An, and a comparison with the theoretical analysis
wiil also be discussed. {12 min)
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FOD2 Fig. 1. Diftusion protie of 10-um wide
Ag*-Na' exchanged chamnes wavequide. Two-

dimensional scan. insets represent the 1-O scan
along the dotted lines.
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FOD2 Fig 2. Varaton of diftuson cepth as a

function of Mask width s compared mith that of the

planar wavequide. & is the motar concentration
of silver in the bath,

FDO2 Tablel. Number of TE or TM Modes in
Silver lon-Exchanged Glass Waveguides;
Concentration = 2 X 10~ MF, T = 330°C,

1= 90 min
Mask width 06328 um 1.32um
10.0 5 2
8.5 3 2
6.5 3 1
40 2 1 .
2.5 2 1
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Guided Waves in Graded-Index Planar Waveguldes with Nonlinear Cover Med{um
R. K. Varshney?, M. A. Nehme, R. Srivastava and R. V. Ramaswamy

Department of Electrical Engineering
University of Florida, Gainesville, Florida 32611

Abstract

Dispersion relations for TE modes in planar, exponentially graded-index
waveguide with self-focussing nonlinear cover material have been solved numer—
ically. It 1is shown that the threshold power required to pull the field
maximum out of the film region into the cover, is lower compared to that for
the step—index waveguide. Empirical relations to calculate the corresponding
minimum £11m thickness and the minimum threshold power are given for the
lowest order mode.

Introduction

Intensity~dependeant phenomena in optical guided-waves have attracted a
great deal of interest [1-6] in the past few years because of their p?cential
use 1in all-optical signal processing. The main advantage lies {n lower
threshold powers caused by 1large interaction 1lengths involved and power
confinement over smaller cross—sactions. At moderate power levels when the
modal fields do not exhibit significant changes, the coupled mode approach [2]
is adequate to describe the intemnsity-dependent propagation comnstant. Using
this formalism, non-linear directional coupler (7] and bistability im channel
waveguides [8] have been analyzed. However, at larger power densities, the
modal field undergoes drastic chanzes and the coupled mode approach can not be
used, Detailed studies of the intensity dependent behavior of the guided
modes in waveguides with homogeneous film and nonlinear surrounding media have

recently been reported by several research workers [1-6] showing existence of

1'I’er:mam.ant Address: Physics Department, Indian Institute of Technology
New Delhi 10016, India
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multi-valued propagation constant above some threshold power levels, arousing
interest 1in possible bistable behavior of waveguides. Experimental observa-
tion of nonlinear guided waves has also been reported inm at least two cases
(9, 1l0].

In this letter, we solve the problem of TE modes 4in an exponentially
graded plapar wavegulide with nonlinear self-focussing material as the cover.
In any graded-index waveguide the threshold power needed to shift the field
maximum Iinto the nonlinear cover medium is expected to be lower as the peak of
the modal fileld {s closer to the cover surface. Our interest in exponential
grading 1s two fold: it is not only amenable to analytical solutions for the
TE modes [11], its propagation characteristics closely approximate the
Gaussian and complementary error function (ERFC) profiles of practical
interest which do not subject themselves tc such an exact analysis. In fact,
it is known [12] that in graded-index waveguides, the fundamental mode profile
is not very sensitive to the exact fqrm of the index profile. Our results
show that a ninimum f£ilm thickness dpnin (diffusion depth) 1s necessary to
observe multi-valued B (above a threshold power) in the lowest order mode. As
expected, the threshold power requirements are considerably relaxed by the
index grading. As the f{lm thickness {3 increased from the minimum value,
the threshold power lncreases almost linearly. In the case of the fundamental
mode in a symmetric waveguide with minimum thickness, the field cross-over to
the cover reglon occurs at approximately the same value of the normalized
propagation constant and the normalized frequency, Iindependent of the film-
cover i{index difference. This allows us to compute the design curves from
which one can predict, with reasonable accuracy, the minimum thickness and the
corresponding threshold power required £for this crossover Iin a given
waveguide. In comparison, in the case of the next higher order mode, no

minimum thickness {s necessary as long as the waveguide supports this mode.
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Analvsis

We consider the following {index profile:

0’ (x) = uc2 + a[ilz for x < 0
» nbz {1 + 24 exp(~x/d)} x> 0 (1
a 2 2
where A = L-_nb__

2 2

E, nc, Ny, Oy, d, a are local fileld, cover {ndex at very low power, refrac-
tive index of the bulk (substrate) material, surface film index, diffusion
depth and nonlinear coefficient of the cover material, respectively. Far
self-focussing nonlinear media 2 > Q.

The field distribution E (x, z, t) = Ey(x) exp-{i(mt - Bz)} of the TE
modes of the waveguide 1is obtained by solving the wave equation in two differ—

ent regions (i.e. x > O and x < 0), and can be expressed as [1l, l1l}:

Ey(x) = JEZ q sech {koq (xl -x)} for x < 0

a

= A JZD(ZV exp iiﬁzfd)} x>0 : 1y, (2)
where q = {(B/ko)2 -a b , 0= kod{(s/ko)z - nb)
and =

k d nb/ﬁ.
Here A {s a constant; ko, and B8 are free-space wave number and propagation
constant of the mode respectively. L3 {s a power-dependent constant and has a
finite value (while for the linear case it {s {nfinite). Xy = 0 corresponds
to the fleld maximum at x = 0, as seen from Eq. (2). The value of A and the
power dependent dispersion relation obtained by ensuring the continuity of T

3E 7
and Hz (i.e. —Eg), respectively, are written as:

A= 7 —3 . gech (k ax, ) (3
/‘EJZD(ZV) o1
J{2V
and YT = —%35%71 v -0 (4)
53
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where Y = koqd, T = tanh (koqxl)
The guided wave power per unit length along the y-axis {s obtained as
]
p = 1 1) =P
g /ZL(ExH):dx < TP (5)
where P. = 3 (1 - T)
c 2y
P, = BD (1 - T2)
248 2
B = __.Jz_-—
konc B¢
v
D ——1 3 ey (6)
JZD(ZV) o
I t
92¢ 2 | €
n o
c

After some mathematical manipulation, Eq. (5) can be written as

b4
T - [{(1+-£-52-;-§} L (7)

Here, € and u, are free~space permittivity and permeability, respectively.
Minimum threshold power Pg (min) s the power correspounding to T = 0 and this

corresponds to the minimum thickness (in the case of the lowest order mode).
Thus by using Eqs. (2) through (7), we obtaian the threshold power, power
dependence of the modal field and the propagation constant etc. of the TE
modes. If the nonlinear medium {3 self-defocussing (i.e. Nge < o0); same
expressions can be used except that tanh(t), sech(t), n,. and a are replaced

by coth(t), cosech(t), lnzcl and |a|, respectively in the entire analysis.

Results and Discussion

The analytical relations given above were solved numerically to obtain

detailed information about the power dependence of the guided waves and to
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compare our results with those obtained i{n the case of the homogeneous step J

index waveguide with nonlinear cover. Due to the nonlinearity, the self
consistent solution was obtainmed by assuming that only one mode was giided.
Unless otherwise stated, all cases agsume symmetrical waveguides {.e., Dy = 1
., A = 0,515, ng = 1.57, A 0.515 um and Oy, = 10-9 mz/W. These values are ‘

chosen to compare our results with those of Ref. [6].

TEO mode

Figure 1 shows the effective index (S/ko) of the fundamental mode ws. the
total guided power (Pg) for two different thicknesses. Initially for 1low
guided powers, the propagation constant {ncreases almost linearly. The Iino-
crease i3 predicted by the coupled-mode theory and can altermatively be viewed
as arising from the fact that the credtion of a higher refractive index in the
cover medium adjacent to the cover-film interface causes an increase in the
effective wildth of the guide. However, the rate of increase of 8 with the
guided power i3 larger for smaller film thickness. This can be explalized as
follows. For a given power, as the film thi{ckness decreases, the peak of the
fundamental mode shifts closer to the surface and the fleld amplitude at the
cover~-film {nterface increases. For smaller thickness therefore, as the power
is increased, the nonlinearity {n the cover medium has the stronger effect {(a
shifting the peak toward the Iinterface and {ncreasing the effecive index. In
fact {f the thickness i{s below certain critical value, the rapid shift allows
the peak to reach the interface at power levels well below the minimum power
required to obtain sufficlently large B/ko characteristic of the surface

polariton. Multivalued behavior Iin the propagaton constant {s not observed in
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such cases. In our case, the minimum £i{lm thickness to observe multi=valued
8 1s dmin = l.a2 um. The curves im Fig. ! have the same characteristics as
in the case of the homogeneous film, iocluding the presence of a surface-
polariton 1like mode for B/ko > ag- Although the occurance of naulti-valued
propagation constant is reminiscent of a possidle bistable behavior, there are
some doubts [13] whether the various branches shown in Flg. 1 are stable.
Stability analysis of the branch where dPg/dB > 0 1indicates that the
corresponding field counfiguration {3 stable where as the region with dPg/dB <
0 is likely to be unstable [14]. Although the threshold power required to
obtain multiple-valued 8 increases linearly with the thickness, the threshold
occurs at a relatively constant value of the field amplizude at the cover-film
interface. This {s consistent with the requirement (and our observation) that
the peak of the fleld shift to the cover layer when the cover index at the
interface bde g3lightly larger than the film~index. The field profiles
corresponding to the three power levels i{ndicated im Fig. 1 are shown {n Fig.
2. At sufficiently large powers, most of the power flows in the cover. In
the steady-state case analyzed here, the peak of the field stays very close to
the surface at all the power levels studied.

Tc compare our results for the nminimum threshold power, we have calcu-
lated its value as a function of A under the same conditions as in Ref. [6].
Namely, for each 4, the thickness d w23 gradually {ncreased unti{l a maximum in
the Pg vs. B/ko curve first appeared. The two curves in Fig. 3 represeanted %y
solid lines A and B show the behavior for o, = 1.55 and 3.0 respectively. As
can be seen the minimum threshold power {s lower as compared to the homo-
geneous film (6], does not depend significantly om the index of the

surrounding medium and can be obtained for any given value of 0., and 4 bv
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{nterpolatin, .inearly between the curves. Moreover, in each case the miaimum

threshoid power occurs at T = ( and at a thickness for which the normalized

foequency V ~ 4.4 % 0.4. This happens at a (surprisingly) constant value of

3.2 2
<k°) %
the normalized propagation constant G) = > 7 )) = 0.66 = 0.007.

5"~ oy

This fact can be used to readily obtala an estimate, within * 107, of the
ainimum thickness and the corresponding threshold power required for the given
waveguide parameters and the wavelength. These estimates are not likely to
d1ffer substantially for the Gaussian or ERCF profiles. Furthermore, the
asymmetric graded profiles (nc > “b) will have even smaller threshold powers

as the peak of the modal fileld is closer te the surface at a given power

level.

T?.l mode

Figure 4 shows varlation of the effective lndex (S/ko) of the TE; mode
mode with the guided mode power (Pg). It {s found that the peak Iin the ? wvs.
B/ko curve for this mode can be obtained at any thickness greater than the
minimum thickness required for guiding this mode. One significant result of
the film index grading {s that the threshold pecwer for obtaining this peak in
the case of the TEI mode 13 reduced by almost a factor of two from the
corresponding value for homogeneous fi{lm (6]. This conclusion was arrived at
by comparing the two values for a waveguide thickness anywhere bYetween 25 and
100% larger than the cutoff thickness at A = 0.515 Am for the TE; mode.

Figure 5 shows the fleld proflle at the guided power levels corresponding

to the pofnts A, B, and C in F{3. 4. A comparison with the TE

° mode shows

that the fleld peaks in the cover farther away from the surface {n the case of

TEI mode. llowever, a substantlal part of the power always stays inside the

film.
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In conclusion, we have analyzed the intensity dependent modes In graded-
index planar waveguide with self focussing nonlinear cover medium. The
results show that the threshold power requirements are comsiderably relaxed
by grading. Empirical relations are presented from which threshold power and
mizimum £1lm thickness required for the multivalued behavior {n the
propagation comstant of the lowest order mode can be calculated for a given

waveguide within 10X error.
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Fizure Caotions

Flg.l: Variation cf TEO guided wave power with effective index for 4 =
1.5um {(dashed curve) and 4 = 3.0 um (solid curve). The points A, B and C
represent the power level corresponding to the field profile o TEO mode shown
in Filg. 2.

Plz, 2: TField profile of TEO mode corresponding to three different power
levels (identified bv the points A, B and C in Fig. 1) for d = 3.0 ua.

P{g. 3: Minimum TE_ guided wave power as a function of (n, - n.) for 2
= 1.55 (curve A), and = 3,0 (curve B). Circles correspond to Ref. [6] with
the homogenecus £ilm for o, = 1.55.

Piz. 4: The var{ation of TE, gulded wave power with effective index for
d = 1.5 um (dashed curve) and d = 3.0 um (solid curve). The points A, B and C
correspond to the power levels for field profile of TEI mode shown {n Fig. 5.

Plg. S: Fleld profile of TE, mode for three different power levels
marked by poiats A, B and C in Fig. 2 for d = 1.5 um.
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Auided waves in graded-index planar waveguides with

aonlinear cover medium

R. K. Varshney, M. A. Nehme, R. Srivastava, and R. V. Ramaswamy

Dispersion relations for TE modes in a planar exponentially graded-index waveguide with self-focusing
nonlinear cover material have been solved numerically. Itis shown that the threshold power required to pull
the field maximum out of the film region into the cover is lower compared with that for the step-index
waveguide and agrees well with the experimental results.  Empirical relations to calculate the corresponding
minimum tilm thickness and the minimum threshold power are given for the lowest-order mode.

. Introduction

Intensity-dependent phenomena in optical guided
waves have attracted a great deal of interest! % in the
last few years because of their potential use in all-
optical signal processing. The main advantage lies in
lower threshold powers caused by large interaction
lengths involved and power confinement over smaller
cross sections. At moderate power levels when the
modal fields do not exhibit significant changes, the
coupled mode approach® is adequate to describe the
intensity-dependent propagation constant. Using
this formalism, the nonlinear directional coupler’ and
bistability in channel waveguides® have been analyzed.
However, at larger power densities, the modal field
undergoes drastic changes, and the coupled mode ap-
proach cannot be used. Detailed studies of the inten-
sity-dependent behavior of the guided modes in wave-
guides with homogeneous film and nonlinear
surrounding media have recently been reported by
several research workers!-® showing the existence of
multivalued propagation constant above some thresh-
old power levels, arousing interest in possible bistable
behavior of waveguides. Experimental observation of
nonlinear guided waves has also been reported in at
least two cases.®1® In Ref. 9, the hysterisis was ob-
served in the TE, mode when the nonlinear medium
was liquid crystal MBBA, which acted as the cover for
a step-index planar glass waveguide, whereas in Ref.
10, CS» was used as the nonlinear cover medium on an
ion-exchanged glass waveguide, and an intensity-de-
pendent hysterisis was observed in the TE,, mode.

In this paper, we solve the problem of TE modes in
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an exponentially graded planar waveguide with non-
linear self-focusing material as the cover. Inany grad-
ed-index waveguide the threshold power needed to
shift the field maximum into the nonlinear cover medi-
um is expected to be lower as the peak of the modal
field is closer to the cover surface. Our interest in
exponential grading is twofold: it is not only amena-
ble to analytical solutions for the TE modes,!! its prop-
agation characteristics closely approximate the Gauss-
ian and complementary erior function (ERFC)
profiles of practical interest, which do net subject
themselves to such an exact analysis. In fact, it is
known'” that in graded-index waveguides the funda-
mental mode profile is not very sensitive to the exact
form of the index profile. Qur results show that in the
case of the lowest-order mode a minimum film thick-
ness dpin (diffusion depth) is necessary to observe mul-
tivalued 3 (above a threshold power). As expected,
the threshold power requirements are considerably
relaxed by the index grading, and the predicted values
agree well with the experimental results of Ref. 10. As
the film thickness is increased from the minimum val-
ue, the threshold power increases almost linearly. In
the case of the fundamental mode in a symmetric
waveguide with minimum thickness, the field cross-
over to the cover region occurs at approximately the
same value of the normalized propagation constant
and the normalized frequency, independent of the
film-cover index difference. This allows us to com-
pute the design curves from which one can predict,
with reasonable accuracy, the minimum thickness and
corresponding threshold power required for this cross-
over in a given waveguide. In comparison, in the case
of the next higher order mode, no minimum thickness
is necessary as long as the waveguide supports this
mode.

Il.  Analysis
We consider the following index profile:
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n*(x) = n’ + olEl for x <
= ni [+ 24 expt—xid] x>0, (1
where
n:—n;
2n;

E, n. ny, n., d, aarelocal field, cover index at very low
power, refractive index of the bulk (substrate) materi-
al, surface film index, diffusion depth, and nonlinear
coefficient of the cover material, respectively. For
self-focusing nonlinear media o« > 0.

The field distribution E(x, z, t) = E,(x) exp[itwt —
3z)] of the TE modes of the waveguide is obtained by
solving the wave equation in two different regions (i.e.,
x > 0 and x < 0) and can be expressed as!!!

o
Eix)= \/: q sech{k.gtx; — x)] forx <0,
31

= Ad, [2V expl—x/2d)] x>0,

where
q = [3/ky) = nV2 p = R d{(3k ) = A2
V= kdn, 28,

Here A is a constant; k. and 3 are the free-space wave-
number and propagation constant of the mode, respec-
tively. x; is a power-dependent constant and has a
{l.ilte vaiue (while tor the linear case it is infinite). x;
= 0 corresponds to the field maximum at x =0, as seen
from Eq. (2). The value of A and the power-depen-
dent dispersion relation obtained by ensuring the con-
tinuity of E, and H. [i.e., (3E,)/x]. respectively, are
written as

[7

=./2_9 coch(k
A= \,f « T2V sechikgx,), (3)
J 124
7T=%‘T—'-\"-p. )

20

where v = k,qd, T = tanh(kygx,).
The guided wave power per unit length along the y
axis is obtained as

P, = u,,] (EXH)dx=P +P, 5)
where
r=Bu-m
2y
P, = BDO - T,

( (13}

1, 45,00y,
N
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After some mathematical manipulation, Eq. (5) can be

written as
: P
T= (,+J_, - - by (7)
4y B 440

Here ¢, and uq are free-space permittivity and perme-
ability, respectively. Minimum threshold power
P.(min) is the power corresponding to T = 0, and this
corresponds to the minimum thickness (in the case of
the lowest-order mode).

Thus, by using Egs. (2)-(7), we obtain the threshold
power, power dependence of the modal field, propaga-
tion constant, etc. of the TE modes. If the nonlinear
medium 1s self-defocusing (i.e., ns. < 0), the same
expressions can be used except that tanh(t). sech(t),
ny., and « are replaced by coth(t), cosech(t), |n., |, and
lal, respectively, in the entire analysis.

lll.  Resuits and Discussion

The analytical relations given above were solved
numerically to obtain detailed inforination about the
power dependence of the guided waves and to compare
our results with those obtained in the case of the homo-
geneous step-index waveguide with nonlinear cover.
Due to the nonlinearity, the self-consistent solution
was obtained by assuming that only one mode was
guided. Unless otherwise stated, all cases assume
svmmetrical waveguides, i.e., np = n., n, = 1.57, A\, =

0.515 gm, and no. = 107 m*/W. These values are
chosen to compare our results with these of Ref. 6.
A. TEp; Mode

Figure 1 shows the effective index (8/kq) of the fun-
damental mode vs the total guided power P, for two
different thicknesses. Initially, for low guided powers,
the propagation constant increases almost linearly.
The increase is predicted by the coupled-mode theory
and can alternatively be viewed as arising from the fact
that creation of a higher refractive index in the cover
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medium adjacent to the cover-film interface causes an
increase in the effective width of the guide. However,
the rate of increase of 8 with the guided power is larger
for smaller film thickness. This can be explained as
follows. For a given power, as the film thickness de-
creases. the peak of the fundamental mode shifts closer
to the surface, and the field amplitude at the cover-
film interface increases. For smaller thickness. there-
fore, as the power is increased, the nonlinearity in the
cover medium has the stronger effect in shifting the
peak toward the interface and increasing the effective
index. 1n fact, if the thickness is below a certain
critical value, the rapid shift allows the peak to reach
the interface at power levels well below the minimum
power required tu obtain sufficiently large 3/k. charac-
teristic of the surface polariton. Multivalued behav-
ior in the propagation constant is not observed in such
cases. ln our case, the minimum film thickness to

observe multivalues 3is dyin = 1.42 um. The curvesin
Fig. 1 have the same characteristics as in the case of the
homogeneous film, including the presence of a surface-
polaritonlike mode for 3/ky > n.. Although the occur-
rence of multivalued propagation constant is reminis-
cent of a possible bistable behavior, there are some
doubts! whether the various branches shown in Fig. 1
arestable. Stability analysis of the branch where dP,/
d3 > 0 indicates that the corresponding field configu-
ration is stable whereas the region with dP,/d3 <0 is
likely to be unstable.!* Although the threshold power
required to obtain multiple-valued 8 increases linearly
with the thickness, the threshold occurs at a relatively
constant value of the field amplitude at the cover-film
interface. This is consistent with the requirement
(and our observation) that the peak of the field shift to
the cover laver when the cover index at the interface be
slightly larger than the film-index. The field profiles
corresponding to the three power levels indicated in
Fig.1areshownin Fig. 2. Atsufficiently large powers,
most of the power flows in the cover. In the steady-
state case analyzed here, the peak of the field stays
very close to the surface at all the power levels studied.

To compare our results for the minimum threshold
power, we have calculated its value as a function of Ain
the same conditions as in Ref. 6. Namely, for each A,
the thickness d was gradually increased until a maxi-
mum in the P, vs 3/ka curve first appeared. The two
curves in Fig. 3 represented by solid lines A and B show
the behavior for n, = 1.55 and 3.0, respectively. Ascan
be seen the minimum threshold power is lower com-
pared to the homogeneous film,’ does not depend sig-
nificantly on the index of the surrounding medium,
and can be obtained for any given value of n. and d by
interpolating linearly between the curves. Moreover,
in each case the minimum threshold power occursat T
= 0 and at a thickness for which the normalized fre-
quency V~4.4 £0.4. This happens ata (surprisingly)
constant value of the normalized propagation constant

(3/k )7 = ni
b=| — — = (.66 £ 0.007.
no,—n,

This fact can be used to readily obtain an estimate
within £10% of the minimum thickness and the corre-
sponding threshold power required for the given wave-
guide parameters and wavelength. These estimates
are not likely to differ substantially for the Gaussian or
ERCF profiles. Furthermore, the asymmetric graded
profiles (n, > n,) will have even smaller threshold
powers as the peak of the modal field is closer to the
surface at a given power level. For example, in the
experiment of Ref. 10, (n, — ny) = 1074 and n,c = 3 X
10~*cm*/MW. Figure 3 predicts a threshold of 2 MW/
mm. Assuming a typical beam size of 1-mm diameter
for the unfocused YAG laser. the measured value of 2
MW/mm- is in reasonable agreement with our predic-
tion.
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B. TE, mode

Figure 4 shows a variation of the effective index (3/
ko) of the TE; mode mode with the guided mode power
P,. Itisfound that the peak in the P, vs 8/k, curve for
this mode can be obtained at any thickness greater
than the minimum thickness required for guiding this
mode. One significant result of the film index grading
is that the threshold power for obtaining this peak in
the cuse of the TE; mode is reduced by almost a factor
of 2 from the corresponding value for homogeneous
film.®* This conclusion was arrived at by comparing
the two values for a waveguide thickness anywhere
between 25 and 100% larger than the cutoff thickness
at A = 0.515 um for the TE, mode.

Figure 5 shows the field profile at the guided power
levels corresponding to points 4, B,and CinFig. 4. A
comparison with the TE, mode shows that the field
peaks in the cover farther away from the surface in the
case of the TE; mode. However, a substantial part of
the power always stays inside the film.

In conclusion; we have analyzed the intensity-de-
pendent modes in a graded-index planar waveguide
with a self-focusing nonlinear cover medium. The
results show that the threshold power requirements
are considerably relaxed by grading, and the predicted
values agree well with the experimental results report-
ed. Empirical relations are presented from which
threshold power and minimum film thickness required
for the multivalued behavior in the propagation con-
stant of the lowest order mode can be calculated for a
given waveguide within 10% error.
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Abstract

Nonlinear prism coupling, power limiting and mode field variations were
observed at record low powers 1In planar 1ion-exchanged semiconductor-doped
wavegulides. For the first time, power 1limiting 1in channels was also

observed. Thermal origin of the effects 1s corroborated.
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Introduction Glasses doped with Cd $;_, Se, semiconductors form an important

class of nonlinear materials in that they exhibit large third order

nonlinearity with fast relaxation times, making them attractive for signal
processing applicationsl. Nonlinear prism coupling in a sputtered glass
waveguide in color glass substrates with a cw threshold of the order of 200mW
has been reported”. Kt-na* fon-exchanged waveguides in sodium rich Cd S _xSex
doped glass have been fabricated’, and thermal nonlinear prism coupling under

pulsed regime has been rennrted in ion-exchanged as well as sputtered glass
waveguides [4,5].

We report results of nonlinear prism coupling, power limiting, and for
the first time, observation of the mode field variation 1In {on-exchanged
waveguldes In a Cd 5;_ Se, doned glass. 1In the prism coupler, the threshold
power for the onset of nonlinearity is ~ 20mW and limiting occurs at 60mW
input power. This {s the lowest value reported thus far. We present for the
first time power limiting in butt-coupled channel waveguides and convincing
evidence that the effect is dominated by thermal contribution.

. 4t oA
Experiment K'-Ma lon~-exchange was carried out at 345°C bv {mmersing clean

glass substrates in molten KNOj bath for 40 min. The low-power effective

index of the TE,; and TMy modes at 515nm was measured to be 1.5273 and 1.5292
respectively. The material absorption coefficlent at the onerating wavelength
of the 515am Ar" laser line was 6em L. Figure 1 shows the experimental set
up. The beam was focused by a 450 mm focal length lens into a ~100 um
diameter spot at the prism base. Low-power coupling efficlency was ~ 30%.
The output end of the guide was polished to 1llow measurement of the mode
field at various Input power levels.

Results Fig. 2 shows the variation of the output power from the prism coupled

waveguide as the 1input power 1is {ncreased while the low-power coupling
condition is maintained. The extraposlated straight lines correspond to the
coupling efficlency 1in the low-power reyime. Open circles represent the
output measured within a second after the Input 1is fincident on the prism.
Closed circles and crosses represent the steady-state output power obtained
after a few seconds. The significant features of our results can be
summarized as follows: (a) The nonlinear threshold power for _the E

I

mode {(~ 20mW) is an order of magnitude lower than previously reported®; (b) Ve
observe a saturation (limiting) in the output power beyinning at iInput power
level of ~ 60mW and a subsequent decrease at higher fnput power; (c) There is
significant dependence of the nonlinear behavior on the distance of
propagation d between the coupling reqgion and waveguide exit end face; (d) We

observe a relaxatlon effect caused by heating due rto absorption similar to the
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one observed Iin the case of liquid crystalé. When the low power synchronlsm
i{s maintained and the input power {s suddenly lincreased, the output decreases
from an initial value (open circles in Fig. 1) which 1Is smaller than that
expected from the extrapolztion of the linear behavior, to a steady state
value (lower curves). Once the steady-state was reached (lower curves) and
the prism-waveguide assembly was then rotated or translated to optimize the
output, no significant increase was observed unllke the case of Refs. 2 and 6
where an increase was reported. The thermal effect also explains the
observations clited above in 1item (c). As the distance d increases, more
absorption occurs which causes a larger thermal effect and hence larger
temperature rise. This 1in turn shifts the absorption edge to higher
wavelengths resulting 1in further increase 1n absorption until thermal
equilibrium 1s reached. This nonlinear absorption 1is therefore of oppo;ite
sign compared to the relatively fast effect arising from the band filling" in
which the absorption decreases with Increasing input power. At low input
powers (linear regime), the shape of the coupling curve (measured by angular
scanning of the prism-waveguide assembly) is identical for scans In both the
directions. However, as the power is increased the two curves are unidentical
{f sufficient time 1is not allowed for the wavegulde to cool down to the !
ambient. Moreover, the maximum change in the coupling angle (corresponding to
the peak output signal) 1is less that 1 m rad as the lnput power Py, is

increased from 5 mW to I W for d = 10 mm case and immecasurable for 4 = 2mm,
Indicating _ very small decrease in the mode effective index
( an_ ~ 3xlI0 for Py, > 30mW). Similar changes were reported in Ref. 2 from
which the sign and magnitude of n, were derived. In our case, the film has
graded-index and both the film and the substrate are nonlinear and a solution
of the wave equation 1s very difficult. In fact, 1t 1is the temperature

profile of the absorbed energy as well as the local {Intensity profile which
will determine the steady state index distribution of the wavegulide.
Moreover, this distribution {is likely to wvary along the direction of
propagation as the propagating power 1is reduced by absorption, reducing the
local heating of the wavegulde. However, the small decrease in the measured
mode {ndex with increasing input power Iindicates that the nonlinearity s
self-defocussing. If we take 30 mW as the input power for the nonlinear
threshold behavior (Fig. 2), then under the linear regime, the coupled power
P.=10 mW and n, ~ An &éPcz In our case, cross sectiou area A = 100 um X 2um,
yilelding n, ~ =6 x 15 m“/W which 1is an order of magnitude smaller than that
reported in Ref. 2. Our measurements of the temperature dependence of the
substrate glass index show a qualitative agreement with these results.

While we did not observe many of the effects predicted theoretically for
the nonlinear prism coupler?, the hysteresis observed is similac to that
reported In uither experiments<®”’ and 1is causzd by the thermai effect. Another
consequence of the heatinz {s a shift {n the {ntensity pattern of the output
power as obtalned by 1imaging the near field of the output using a microscope
objective and scanning the distribution by a detector with a pin-hole. While
the shape of the fleld profi{le does not change at high power. the peak
position shifts to the substrate side by approximately half the width of the
mode . The shift decreases as d decreases. No such shifts or output
nonlinearity were observed when the experiment was repeated with soda-lime K-
Na* exchanged waveguldes. While the direction of the peak shift {s consistent
with the decrease 1in the wavepuide {ndex due to the nonlinearity, the
invariance of the shape of the field distribution {ndicates that the shape of
index profile remains relatively unaffected by the waveguide heating.
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Power was also coupled to channel waveguides fabricated in the glass.
Fiber-waveruide butt coupling was used and the waveguide output was measured
as a function of input power. A nonlinearity was observed starting ~15 mW of
input power and power limiting occurs > 40 nmW corresponding to a coupled
{nput intensity of ~200 KW/cm?, well above the expected saturation intemsity
for the fast Kerr type electrouic contribution to the ncnlinearity in these
glasses. More results on the channel waveguides 1including the damage

threshold and nonlinear directional coupler studies will be presented at the
meeting.

This work was supported by Air Force Office of Scientific Research,
Contract No. 84-3069. We thank H. C. Cheng for assistance In waveguide
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